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1 Introduction
Much work has been devoted in the last years to optical recording technologies to respond
to increasing demand for higher storage capacities and data transfer rates. The currently
applied re-writable optical recording technologies are based on phase-change and magneto-
optical technologies. In phase-change optical recording technology, micron sized areas of
the active layer are reversibly switched between amorphous and crystalline states. On
the contrary, in magneto-optical recording the magnetisation direction of perpendicularly
magnetised domains is switched in a magnetic thin film. Phase-change recording has
advanced remarkably in the last ten years to become a mature technology for re-writable
optical data storage systems. Furthermore, there are initiatives to implement non-volatile
random access memories based on phase-change materials. Besides optical data storage
applications also magnetic data storage media, like hard drives, are aiming at the mass
data storage market. Hence, before we take a closer look at phase-change optical recording,
a brief review of the history of magnetic storage will be given.
In the early sixties, Gordon Moore observed that the areal density for magnetic sto-
rage duplicates every 18 months. Figure 1.1 illustrates the history for the last 18 years
and the road map of the areal density. Still the areal density is still increasing rapidly
following Moore’s law even after all those years. In November 2002 Seagate Technology
demonstrated 100 Gbit/in2 by perpendicular recording. This has also enabled record data
rates of up to 125 MB per second. As the areal density growth rate of current longitudinal
recording begins to slow down, perpendicular recording appears best-positioned to keep
pace with the world’s growing data storage needs, with the potential for far higher densi-
ty levels over time than what could otherwise be achieved. With this technique they can
surpass the super-paramagnetic effect, which was up to now the final frontier for magnetic
storage applications. Perpendicular recording arranges the magnetic bits vertically on the
surface of the disc, enabling the head to record and read more information per unit area.
Perpendicular recording breaks new ground because today’s disc drives use traditional
longitudinal recording, where the bits are horizontally arranged on the disc and therefo-
re also require more surface area to store information. They even project perpendicular
recording to achieve areal densities as high as one terabit per square inch for the year
2010 (DataStoreX, 2002).
The development of the data transfer rate is illustrated in figure 1.2. The data transfer
rate increases similar to the areal density very rapidly. Nowadays, the data transfer rate
is approximately 100 MBytes/s, which implies that the time to write, erase, and read a
bit is approximately 1 ns. The data transfer rate increased the last decade with 40% a
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Abbildung 1.1: Road map of the areal data density.
year. Hence, we would expect a data transfer rate of 1 TBytes/s within now and the next
ten years, which implies write, erase and read times of less then 0.1 ns.
In the case of optical data storage applications the prospects are not that optimistic.
Hence, in order for optical data storage applications to keep pace with the standards
set by magnetic recording something crucial has to occur. In order for the phase-change
recording technology to remain competitive in the long term efforts should be directed to
identify the key mechanisms and properties in the class of phase-change materials.
In the next section, a brief discussion on the principle of phase-change optically recor-
ding works will be presented. Then a brief history of materials currently used by industry
upto now will be given. Using this knowledge, a selection of criteria for candidate materials
can be postulated. Based on these criteria we demonstrate an approach, how new mate-
rials can be prepared and tested for optical data storage application much more quickly
than standard methods.
Figure 1.3(a) shows the basic laser pulse strategy to write, erase, and read data to and
from a re-writable optical disk. A short intense laser pulse is used to locally melt the
crystalline material and subsequently cool the region rapidly. The resulting amorphous
2
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Abbildung 1.2: Development of the data transfer rate for magnetic hard disk drives.
region is then the bit. A pulse, which heats the bit above the crystallisation temperature,
is used to erase the bit. Finally, a moderate pulse reads out the reflectance and detects
the actual state of the bit. In figure 1.3(b) a time-temperature-transformation diagram
is shown, which represents the transformed fraction of an iso-thermal phase transition
as function of the time and temperature. The yellowish region represents the melt, while
the blue and the red regions denote the amorphous structure and crystalline structures,
respectively. Although the TTT-diagram can be used for iso-thermal phase transitions
it helps to understand the possible processes, which occur during the read, write and
erase cycles. Curve (1) represents the time dependence of the bit temperature during a
read operation. The pulse power and duration are not sufficient to cause any structural
transformation. The reflectivity of the irradiated region is used to determine the state
of the bit and to read out information. An amorphous region is created by applying a
short and intense pulse as represented by curve (2). The power has to be sufficient to
melt the material. Then the temperature has to decrease very rapidly to quench the melt
into an amorphous structure. In order to amorphise materials with a minimum time for
crystallisation of 10 ns and a melting temperature of about 700◦C, the glass temperature,
which is typically 200◦C has to be reached sufficiently fast. This results in cooling rates,
3
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Abbildung 1.3: Figure (a) shows the basic principle of phase-change recording. A short intense
pulse is used to write an amorphous region in a crystalline matrix. A longer and less intense
pulse, which heats the material above the crystallisation temperature is used to re-crystallise the
amorphous region (erase). The signal can be read out using a moderate pulse, which does not
lead to a structural change and measuring the reflectance of the irradiated region. Figure (b)
shows a time-temperature-transformation-diagram, which illustrates the demands for possible
phase-change materials. See text for details.
which are at least higher than 5 ·1010 K/s. However, if the cooling rate is not sufficient the
material can also re-crystallise again as represented by curve (3.). The latter process is
also called melt-crystallisation. Finally, a longer but less intense pulse is used to crystallise
the amorphous region (curve (4)).
Hence, to optimise material properties, we need to look for materials having
1. a sufficient optical contrast between the amorphous and crystalline state at the
recording wavelength.
2. a sufficient low melting point, so that the material can be molten with the available
laser power.
3. a sufficient short crystallisation time for the amorphous mark. The amorphous marks
should be erased completely within the thermal dwell time of the laser spot. At the
same time, for sufficient archival life of the media the amorphous phase must be
stable at temperatures up to approximately 60◦C for upto 10 years.
4. many crystalline-to-amorphous and amorphous-to-crystalline phase transition cycles
without degradation.
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However, these criteria compete each other. Because we need short times for crystallisation,
we are looking for an ideal material having similar local structures for the amorphous and
crystalline states. However, similar local structures do also imply similar electronic band
structures, which again lead to similar optical properties. Unfortunately, we need to have
significant optical contrast between both structures in order to read out the information by
optical means. The challenge is to optimise these competing parameters without making to
many compromises. Therefore, questions like ‘which physical properties define a material
a good phase-change material’ have to be answered in detail, in order to obtain a deeper
insight into this topic. In this work, we have developed a concept with which we can study
the role of stoichiometry in particular. By screening stoichiometries, we may be able to
distinguish the important physical properties. But before we present this concept, a short
review of the materials studied in literature is sketched in the next section to give an idea,
which materials are of interest.
1.1 phase-change recording materials
Research on phase-change recording materials involves the search for materials, which can
be stabilised in a stable crystalline and an amorphous state which exhibit significantly
different optical properties. This search has therefore attracted a lot of interest in recent
years due to their application in re-writable phase-change optical discs (Akahira et al.,
1995; Feinleib et al., 1971; Nobukuni et al., 1995). The driving force in the research on
phase-change optical recording have been to achieve a high recording density and a high
data transfer rate. Zhou (2001) has tried to list some of these materials including GeTe,
GeSbTe, GeTeSnO, SnTeSe, InSbTe, InSe, and AgInSbTe. These materials are Te- or
Se-based alloys because Te- or Se-containing materials enable easy amorphisation (Borg,
2001). Unfortunately, most of the materials studied have long crystallisation times typi-
cally of the order of several hundreds of nanoseconds or even microseconds. The currently
applied phase-change materials are mainly based on GeTe, ternary GeSbTe alloys or qua-
ternary AgInSbTe alloys, which have relatively short crystallisation times of 30 ns, 100 ns
and 200 ns, respectively (Chen et al., 1986; Iwasaki et al., 1993; Yamada et al., 1991). Ho-
wever, the crystallisation time of GeTe is very sensitive to the exact composition and only
the stoichiometric composition Ge50Te50 has the shortest crystallisation time (Chen et al.,
1986). Several ternary stoichiometric alloys formed with compositions along the GeTe-
Sb2Te3 pseudo-binary line (Ohshima, 1996) have been identified as possible candidates
for use in re-writable discs. Among these alloys are GeSb4Te7, GeSb2Te4, and Ge2Sb2Te5.
Next to the search for new materials, there have also been other strategies to enhan-
ce re-writable optical recording disks. Recently, there were some efforts (Ebina A., 1999;
Seo et al., 2000) to enhance the nucleation probability and hence to increase crystallisa-
tion rates by adding dopants. Structural properties of Vanadium-doped AgInSbTe films
have also been reported by Duc et al. (1995) and Tominaga et al. (1997a,b). Furthermore,
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the geometry of the surrounding layer stack, pulse strategy and numerical simulation of
region formation are being studied to tune disk properties (Meinders et al., 2002).
In general, we can summarise that the alloys are either GeSbTe based or eutectic-doped
Sb2Te alloys. Figure 1.4 shows some of these alloys. The fast GeSbTe alloys are on or
near to the pseudo-binary line. Besides these materials, the question arises if there are
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Abbildung 1.4: Typical materials used for phase-change recording. Two material groups can be
distinguished: materials laying on or near the pseudo-binary line and the eutectic doped Sb2Te
group.
still other yet unknown materials, which fulfil these criteria or, which may even have
‘better’ properties. Hence, to start the search for these materials we need a concept, which
provides a quick and well-directed access to new materials and screen these materials
for their properties. In the next part the concept of combinatorial materials science is
introduced, which will be applied to phase-change materials to support the search.
1.2 Combinatorial materials science
Combinatorial methods are high-efficiency methods to create large composition ‘libraries’
of materials, for example, continuous variations of stoichiometry, and test those composi-
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tions systematically in parallel for specific properties of interest, in contrast to the time-
consuming one-composition-at-a-time approach (Amis et al., 2002). These methods have
captured the attention of the materials industry with the promise of providing new disco-
veries ‘faster, better and cheaper’. We now want to apply this concept of combinatorial
materials synthesis to phase-change materials.
Furthermore, the high-throughput of combinatorial concepts provides data, which in
itself can guide the improvement in theory and the models of materials chemistry and
physics. Hence, the goal of this work is to provide a concept, which enables us not only
to find ‘better materials’ but also to understand the mechanisms, which play a major role
in the phase-change application. This knowledge can then act as a guideline to screen
new classes of phase-change materials and may finally give us a recipe to identify superior
compounds.
To apply the concept of combinatorial material synthesis we need
• methods for creating,
• methods for rapidly screening libraries and
• methods for storing, retrieving & collecting data.
To translate this concept to phase-change media we need to prepare multi-stoichiometry
samples (libraries) and analyse them with regard to their physical properties such as the
minimal time for crystallisation or optical contrast. To obtain phase-change libraries we
need to prepare samples containing multiple stoichiometries. An easy way of preparing
such samples is to produce samples with defined stoichiometry gradients. The gradients
have to be chosen such that the stoichiometry remains constant locally. We now discuss
how these libraries can be realised. In general, there are two major techniques to prepare
thin films:
1. Chemical Vapour Deposition (CVD)
2. Physical Vapour Deposition (PVD).
Films prepared by CVD grow due to chemical processes at the sample surface. Hence,
this method is very well suited to produce homogeneous thick films. However, to prepare
samples with controlled lateral stoichiometry gradients we have to focus on physical vapour
deposition methods. This group again can be split into methods based on evaporation and
sputtering. The latter is often used for many industrial applications like smart windows
and data storage media, whereas evaporation is used to produce high quality optical
coatings on lenses such as sunglasses etc.
To deposit stoichiometry libraries of a virtual alloy AαBβ by sputtering the desirable
configuration would incorporate two magnetrons with elements A and B, respectively,
pointing towards the substrate. Since both plasmas will interact in a complicated man-
ner the resulting growth rate of the compound AB will not be predictable and easily
7
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reproducible. Hence, the easiest way to prepare pure films is by evaporating single ele-
ments. By mounting the evaporation sources under an oblique angle, we now can produce
stoichiometry gradients. However, in sputter deposition it is known that up to 0.5 at-%
argon is incorporated into the film (Friedrich, 2000). This implies that the influence of
the incorporation of Ar on processes like for example crystallisation and stress relaxation
has to be understood in detail. There are in general three methods to prepare thin films
by evaporation:
1. thermal evaporation
2. electron beam evaporation
3. laser ablation
In all three methods, the evaporant is indirectly heated. In the case of thermal evaporation,
the material resides in a crucible and is heated by a filament. To obtain pure films it is
crucial that the crucible and evaporant are chemically inert for all relevant temperatures.
To prepare stoichiometry gradients, we can choose Knudsen type crucible and mount
them under an oblique angle towards the substrate. However, materials like germanium
melt before a suitable vapour pressure is reached, but the sidewalls in Knudsen type cells
prevent the melt from flowing out of the cell. The disadvantage is that some evaporants
require extreme high temperatures to evaporate, which is also a boundary condition to
the crucible material. In the case of electron beam evaporation, an electron beam is
pointed at the evaporant and the heat is generated, which is necessary to evaporate.
Since the evaporant is heated locally, very high evaporation rates can be achieved. Hence,
the choice of crucible material is not as crucial as for thermal evaporation. However,
these sources cannot be mounted under an oblique angle. Instead, they can be positioned
out of axis with respect to the substrate normal. However, this results in a low yield of
evaporant material. In laser ablation the necessary heat is generated by laser irradiation.
To prepare compounds with laser ablation a suitable laser system is needed for each
element. Besides the high implementation costs this would imply, it is also difficult to
control the evaporations rates for all sources accurately enough.
Based on these arguments, a system based on multi source thermal evaporation for
preparation of stoichiometric libraries was adopted and implemented. In chapter 2 we will
discuss basic emission laws for thermal evaporation sources, which assist the design of
the preparation chamber in order to produce stoichiometry libraries. We will see that by
mounting the evaporation sources under an angle of 45 degrees we are able to produce
not only thickness gradients but also homogeneous film thickness by rotating the sample
during preparation. In chapter 2 we will furthermore take a look at theories, which help
to extract those parameters, which play a major role in phase-change kinetics. We will
describe the theory of crystallisation (see 2.7) and finally briefly discuss the Peierls effect,
which helps to predict the crystal structure (see section 2.8).
8
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The thickness gradients needed to create the libraries are verified using a combination
of optical lithography (see 3.1.1) and atomic force microscopy (see 3.1.2). The stoichio-
metry analysis is performed using secondary neutral mass spectroscopy (see 3.2.2) in an
ultra high vacuum chamber, which is also part of the vacuum system that the preparation
system belongs to. Hence, it is possible to transfer the samples in situ. Now that we have
prepared the samples and determined their stoichiometry, we need to extract the data. To
screen the libraries for the minimum time for crystallisation, amorphisation properties or
detect the mechanism of re-crystallisation, a static tester (see 3.3) is used. Homogeneous
stoichiometry samples can furthermore be used for analysis by other techniques. Tem-
perature dependent electrical measurements are employed to measure the crystallisation
temperature (see 3.4.1. This temperature indicates for the archival stability of the amor-
phous phase. By applying a varying heating rate, the Kissinger analysis can be used, to
determine the combined activation barrier for nucleation and growth. X-ray reflectometry
and diffractometry are employed to measure the density change and structural change
upon crystallisation (see 3.4.2). Upon phase transformation a density change of about
6-10% occurs, which gives rise to huge mechanical stresses. These stresses could lead to a
decrease in the number of write-erase cycles. The wafer curvature setup has been used to
measure the change in mechanical stresses upon crystallisation and compare the results
to those known from sputtered samples (see 3.4.3). Since materials for re-writable opti-
cal disks are useless without a considerable optical contrast between the amorphous and
crystalline state optical spectroscopy is applied (see 3.4.4). In chapter 4 the preparation
chamber is introduced. We will first describe the equipment used to prepare the samples.
Then the software, which was developed to support the preparation process is discussed
(section 4.4). The thickness gradients, which are needed to prepare the stoichiometry gra-
dients are measured and compared to the simulated gradients in section 4.5. Finally, the
influence of preparing samples by evaporation under an angle of 45 degrees is discussed.
The evaporants Ge, Sb, Te, and GeTe, which are used to produce the compounds are
characterised in chapter 5. Chapter 6 finally describes results obtained by applying com-
binatorial methods to the GeSbTe material class and all major results are summarised in
chapter 7 together with a brief outlook.
9
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2 Basic emission laws for thermal
evaporation and the theory of
crystallisation
In this chapter we will describe theories, which are used to prepare, analyse and under-
stand the phenomena in phase-change materials. We first describe how we can prepare
thickness gradients by thermal evaporation by applying basic emission laws. We will see
that evaporation at an angle of 45 degrees leads to the desired thickness gradients. If we
now employ several evaporation sources, we can then calculate the lateral stoichiometry
gradient just by superposing the thickness profiles for each source. The obtained thickness
profiles will be compared to measured profiles in section 4.5.
After the libraries have been prepared we need to extract the desired information.
Since properties like the minimum time for crystallisation and the activation barrier for
growth and nucleation are important to qualify materials the theory of crystallisation
will be discussed. The Johnson-Mehl-Avrami (JMA) method is then able to decouple the
contribution of nucleation and growth in crystallisation processes. These processes are
influenced by the structural changes between the amorphous and crystalline states. Hence,
in section 2.8 the Peierls effect is briefly discussed, which helps to understand and predict
the structure of covalent bonded systems. Since many of the materials used for optical
data storage applications have covalent bonds, we will have the opportunity to understand
the structure of the materials, which were under investigation until now. Furthermore, it
will help to predict the structure of other possible materials. If we then understand, which
role the structure plays in crystallisation we can use the Peierls effect to predict, which
compounds are suitable for next generation optical data-storage applications.
2.1 The Hertz-Knudsen equation
Evaporation phenomena can be described using kinetic gas theory. Based on first syste-
matic investigations on mercury Hertz (1882) found evaporation rates to be proportional
to the difference between equilibrium pressure at the surface of the reservoir p∗ and the
hydrostatic pressure p on that surface. Hence, the number of molecules dNs evaporating
from a surface area Ae during time dt is equal to the impingement rate given by the equi-
librium pressure p∗, minus a return flux p corresponding to the hydrostatic pressure p of
11
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the evaporant in the gas phase. This finding is expressed by the Hertz-Knudsen Equation:
dNs
Aedt
= αv
p∗ − p√
2pimkT
(2.1)
The coefficient αv was introduced by Knudsen and is the evaporation coefficient. It des-
cribes, which fraction of the molecules impinging on the evaporating surface will remain
at the substrate without being reflected back into the gas. Its theoretical justification,
however was obtained from the kinetics of the condensation process, which included the
possibility of elastic reflection of vapour molecules on the evaporant surface. Hence, the
maximum evaporation rate theoretically possible is:
dNs
Aedt
=
p∗√
2pimkT
(2.2)
In 1913 Langmuir showed that the Hertz-Knudsen Equation (2.1) also applied to the
evaporation from solid surfaces. Knowing the weight loss of the tungsten filaments used,
Langmuir was able to calculate the vapour pressure of tungsten. In order to do so, the
molecular evaporation rate (2.2) is multiplied with the mass of an individual molecule to
give the mass evaporation rate Γ as:
Γ = m
dNs
Aedt
= p∗
√
m
2pikT
p∗√
2pimkT
(2.3)
At p∗ = 1Pa, Γ is of the order of 10−4 gcm−2s−1 for most elements. With a typical density
of 5 gcm−3 this means a rate of 200 nm/s. Hence, to obtain a rate of 1 nm/s a vapour
pressure of roughly 5 mPa is needed. The mass evaporation rate per unit area Γ is related
to the total amount of evaporated material Me through the double integral:
Me =
∫
t
∫
Ae
Γ dAedt (2.4)
2.2 The cosine law of emission
Until now only the total number of molecules leaving a surface was of interest. In this
section we focus on the direction in which an individual atom about to evaporate will
be emitted. The process is statistical in nature and independent of the energy states of
molecules at the moment of evaporation. Since the distribution of kinetic energies among
molecules in the gaseous state is well known, the spatial distribution of particles can be
derived for the effusion of gases by an ideal Knudsen cell.
For this purpose one considers an isothermal enclosure with an infinitesimally small
opening dAe bounded by vanishing thin walls as shown schematically in figure 2.1. It is
12
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dAe
ϕ dζ
Abbildung 2.1: Effusion from an isothermal enclosure through a small orifice.
assumed to contain N molecules, which have a Maxwellian speed distribution. Although
most of these molecules impinge on the walls, those molecules moving toward the opening,
however, will leave the enclosure in the same direction and at the same speed that they
possessed immediately prior to their escape. The distribution of molecules in the evaporant
stream is then determined by the distribution of molecular speeds inside the effusion cell.
It may therefore be described by an expression, which gives the number of molecules
within a small solid angle dζ for every direction of emission. The latter is defined by its
inclination ϕ with respect to the normal to the surface element dAe.
Within a time interval dt, only those molecules can reach dAe and leave in the direction
ϕ, which are in the slanted prism indicated in figure 2.1. Hence, the fraction of molecules
within striking distance of the opening is c dt cosϕdAe/V . The actual number of molecu-
les crossing the opening is further reduced because their speeds c within the prism are
randomly distributed in all directions. Taking into account that only the fraction dζ/4pi
is actually moving toward dAe the number of molecules having a speed c and leaving in
the direction ϕ is obtained by multiplying dNe with the volume fraction dζ/4pi and the
angular fraction:
d4Ne,c(ϕ) =
N
V
Φ(c2) dc dAe dt cosϕ
dζ
4pi
This expression can be simplified by integrating over all speeds c taking into account that:
∞∫
0
cΦ(c2) dc = c
13
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We then obtain the total number of molecules per angular increment dζ
d3Ne(Φ) =
1
4
N
V
c dAe dt cosϕ
dζ
4pi
(2.5)
The mass increment due to these molecules is d3Me(ϕ) = mdtd3Ne(ϕ), and sincem· 1
4
N
V
c
equals the mass evaporation rate Γ, one obtains
d3Me(ϕ) = Γ dAe dt cosϕdζ
4pi
(2.6a)
or, by substituting the total mass of evaporated material (2.4)
dMe(ϕ) =Me cosϕdζ
4pi
(2.6b)
These equations represent the cosine law of emission and are equivalent to Lambert’s law
in optics (Glang, 1970). Hence, the emission of material from a small evaporating area
favourably emits normal to the emitting surface where cosϕ has its maximum value.
2.3 Thickness profiles from basic emission laws
The amount of material condensing on an opposing surface does not only depend on the
direction in which the surface is radiating but also on the position and orientation of the
receiving surface with respect to the emitting source. Figure 2.2 illustrates how the mass
received at a point (x, y) at a time t from a small area emitter can be calculated. The
emitting area is mounted at a distance h = |~r1| and tilted at an angle γ with respect to
the z-axis. In the case where the azimuthal angle γ is nonzero the emitting and receiving
areas are not parallel to each other. Hence, the element of the receiving surface, which
corresponds to dζ is dAr = r2 dζ/ cos θ. Thus the distribution of evaporated material is
given by
dMr (θ, φ)
dAr
=
Me
4pir2
cos θ cosφ (2.7)
as a function of source-to-substrate distance and angle of incidence (Glang, 1970). Thus,
thickness profiles can be derived for substrate areas of any given shape or position relative
to the source.
If ρ is the density of the film material, then the lateral thickness distribution function
d(r, θ, ϕ) can be written as
d(r, θ, ϕ) =
1
ρ
dMr
dAr
=
Me
4piρr2
cos θ cosφ (2.8)
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ω+2πft
θ
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Abbildung 2.2: Evaporation from an infinitesimal surface element onto a substrate (XY-plane).
γ is the angle to the substrate normal and ω is the angle in which the source is aligned with
respect to the x-axis. At a certain time t the source has been rotated with a frequency f to an
angle ω + 2pift.
Assuming an evaporating source, which rotates at a frequency f and is mounted at a
distance h under an angle γ with respect to the plane normal and an angle ω + 2pift to
the x-axis the thickness change per time unit can be calculated using equation (2.8)
To derive the thickness distribution function we can define the following vectors consi-
dering figure 2.2:
~r1 = h
 cos (ω + 2pift) sin γsin (ω + 2pift) sin γ
cos γ
 , ~r2 =
 xy
0
 .
Using these vectors we obtain an expression for the vector ~r in the form:
~r = ~r2 − ~r1 =
 xy
0
− h
 cos (ω + 2pift) sin γsin (ω + 2pift) sin γ
cos γ
 (2.9a)
r2 = h2 + x2 + y2 − 2hv sin γ, (2.9b)
where
v = x cos (ω + 2pift) + y sin (ω + 2pift) . (2.9c)
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Now cosϕ and cos θ needed for equation (2.7) can be written as:
cosφ =
~r1 · ~r
|~r1| · |~r| =
h− v sin γ√
h2 + x2 + y2 − 2hv sin γ (2.10a)
cos θ =
~ez · ~r
|~ez| · |~r| =
h cos γ√
h2 + x2 + y2 − 2hv sin γ (2.10b)
Putting equations (2.9) and (2.10) together the thickness change per time unit is obtained:
d˙ =
dMe
dt
· cos θ cosφ
piρr2
=
dMe
dt
· 1
4piρ
· cos γ · h
2 − hv sin γ
(h2 + x2 + y2 − 2hv sin γ)2
=
dMe
dt
· 1
4piρh2
· cos γ ·
1− v
h
sin γ(
1 +
(x
h
)2
+
(y
h
)2
− 2v
h
sin γ
)2 (2.11)
Assuming that
dMe
dt
· 1
4piρh2
represents the rate R, the lateral rate distribution d˙ (x, y)
can then be written as:
d˙ (x, y) = R · cos γ ·
1− v
h
sin γ(
1 +
(x
h
)2
+
(y
h
)2
− 2v
h
sin γ
)2
= R · cos γ · h2 h
2 − vh sin γ
(h2 + x2 + y2 − 2vh sin γ)2
= R · h2 · cos γ · h
2 − {y sin (ω + 2pift) + x cos (ω + 2pift)}h sin γ
(h2 + x2 + y2 − 2h (y sin (ω + 2pift) + x cos (ω + 2pift)) sin γ)2 .
(2.12)
Now, the thickness distribution function d(x, y) can be obtained by integrating the
rate distribution function (2.12) with respect to the time t. A general expression for this
function is then
d (x, y) = R · cos γ · h2·
t∫
0
h2 − (x cos (ω + 2pifτ) + y sin (ω + 2pifτ))h sin γ
(h2 + x2 + y2 − 2h (x cos (ω + 2pifτ) + y sin (ω + 2pifτ)) sin γ)2 dτ
(2.13)
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In the case where the frequency f is zero the thickness distribution function can be
simplified to:
d (x, y) = Rt · cos γ · h
4 − (x cosω + y sinω)h3 sin γ
(h2 + x2 + y2 − 2h (x cosω + y sinω) sin γ)2 . (2.14)
2.4 Examples
In this section, the theoretical distribution functions for rotated and non rotated cases
are presented for various azimuthal angles.
Figure 2.3 shows thickness distribution functions for several ω and γ combinations. Fur-
thermore the difference between the rotation and non-rotation of samples during growth
is shown, where the height h is chosen to be 10 cm and the frequency is chosen to be
10 Hz. The values for the parameters R and t are kept constant since, they do not change
the form qualitatively. It has to be noted that the z-axis scale of the rotated distributi-
on functions differ from the z-axis scale of the non-rotated distribution functions.
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(a) statically, γ = 0◦.
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Abbildung 2.3: To compare the lateral thickness distribution for the static mode (left hand side)
and dynamic mode (right hand side), the azimuthal angle γ is varied from 0◦ to 75◦.
From figure 2.3 can be concluded, that one obtains thickness gradients for distribution
functions describing the non-rotated samples. However, in case of the rotated distribution
functions and an azimuthal angle of 45◦, the films have an almost homogeneous thickness.
To understand this phenomenon let us do the following gedanken experiment: An evapo-
ration source is mounted 45◦ pointing towards the zero point on the X axis. The resulting
thickness gradient is shown in figure 2.4 (the solid blue line). A maximum thickness is
observed on the left side of the zero point because that region is closer to the evaporation
17
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(c) statically, γ = 15◦.
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Abbildung 2.3: the lateral thickness distribution for the static mode (left hand side) and dynamic
mode (right hand side), the azimuthal angle γ is 15◦.
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(e) statically, γ = 30◦.
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(f) dynamically, γ = 30◦
Abbildung 2.3: the lateral thickness distribution for the static mode (left hand side) and dynamic
mode (right hand side), the azimuthal angle γ is 30◦.
source, since the rate is reciprocally proportional with the square of the distance h. In
the centre of the substrate the thickness gradient can be observed. When the evaporation
source is now mounted on the opposite side the maximum also switches to the other side
(dashed blue line). Summing up both lines leads to the case for two evaporation sources
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(g) statically, γ = 45◦.
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Abbildung 2.3: the lateral thickness distribution for the static mode (left hand side) and dynamic
mode (right hand side), the azimuthal angle γ is 45◦.
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(i) statically, γ = 60◦.
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Abbildung 2.3: the lateral thickness distribution for the static mode (left hand side) and dynamic
mode (right hand side), the azimuthal angle γ is 60◦.
with the same material, both mounted under 45◦ opposite to each other. Rotating the
evaporation source during preparation finally leads to the red curve. Hence, we can say
that a film would be homogeneously thick within a diameter of 40mm.
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(k) statically, γ = 75◦.
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Abbildung 2.3: the lateral thickness distribution for the static mode (left hand side) and dynamic
mode (right hand side), the azimuthal angle γ is 75◦.
2.5 The deposition of alloys
In general there are two methods of depositing alloys. The first approach deals with the
direct evaporation of alloys. The second group deals with indirect evaporation of alloys
by using reactive or multi-source evaporation techniques.
2.5.1 Direct evaporation of alloys
Evaporation of compounds is usually accompanied by dissociation or association or both
processes. Whereas association does not affect the stoichiometry of the deposited film,
dissociation can and often does. In the evaporation of compounds, it has been shown by
mass-spectroscopic investigations of vapours that the transition into the gas phase rarely
occurs without changes of the molecular species (Drowart, 1964).
In the case of dissociation the constituents evaporate independently of each other and,
like pure metals, as single atoms. Mono-atomic vapour may be observed for alloys even
in those cases where the pure element is known to form molecules. An example is the oc-
currence of Mono-atomic antimony vapour over Pt-Sb (Sommer, 1966) and Au-Sb (Lowe,
1968) alloys. The vapour pressure of an alloy constituent, however, is different from that
of the pure metal at the same temperature. This is due to the change in chemical potential,
which a metal A experiences when it is dissolved in another metal B to form an alloy A-B.
If the concentration is given by the mole fraction xB, the chemical potential in the alloy,
µB(T ), differs from that of the pure metal, µ0B(T ), by the energy spent to disperse B:
µB(T ) = µ
0
B(T ) +RT lnxB (2.15)
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Abbildung 2.4: Relative thickness distribution functions of (1) an evaporation source positioned
at ω = 0◦, (2) an evaporation source positioned at ω = 180◦ the superposition of function (1)
and (2) is shown by function (3). By rotating the sample distribution (4) is obtained.
The use of the mole fraction implies that the energy of atomic interactions between two
different constituents must be the same as between two equal constituents.
The chemical potential of an ideal gas at the pressure p is related to the potential of
the standard state µ0B,g(T ) at 1 atm., by
µB,g(T ) = µ
0
B,g(T ) +RT ln pB (2.16)
Equilibrium between the alloy and its vapour phase B(g) is obtained if the two potentials
(equations (2.15) and (2.16)) are equal and yields the vapour-pressure relation
RT ln pB = −
(
µ0B,g(T )− µ0B(T )
)︸ ︷︷ ︸
∆G(T )
+RT lnxB (2.17)
Dividing ∆G(T ) by RT gives the vapour pressure of the pure metal
ln p∗ = −∆G(T )
RT
(2.18)
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simplifying equation (2.17) to
pB = xBp
∗
B (2.19)
(2.20)
This is one form of Raoult’s law, which states that the pressure of an element over an
ideal solution is reduced in proportion to its mole fraction. However, in order to describe
the behaviour of real solutions, the activity aB has been introduced as the actual ratio
of vapour pressures pB/p∗B and related to the mole fraction by the activity coefficient fB:
aB = fBxB. Ideal behaviour (fB ≈ 1) can be expected only but not always from simple
systems, which show complete miscibility. Compound formation in the solid state is likely
to reduce the vapour pressure since stronger bonds have to be broken.
Applying Raoult’s law to the evaporation of alloys introduces the mole fraction and
the activity coefficient into the Hertz-Knudsen equation. The evaporation rates for the
constituents of a binary alloy A−B are then given by
dnA
dt
= fAxAAs
p∗A√
2pimAkT
(2.21)
and
dnB
dt
= fBxBAs
p∗B√
2pimBkT
. (2.22)
The ratio of A and B constituents in the vapour stream at any moment is therefore
obtained by dividing equation (2.21) by equation (2.22)
dnA
dnB
=
fAxAp
∗
fBxBp∗
√
mB
mA
, whereby xA + xB = 1 (2.23)
Since both xA and xB are time dependent the ratio changes as evaporation proceeds.
Assuming that the activity coefficients remain constant, the specific material parameters
can be combined into one factor
K =
fAp
∗
A
fBp∗B
√
mB
mA
(2.24)
The integration of equation (2.21) has been performed by Zinsmeister (1964) and leads
to
xA
x◦A
(
1− x◦A
1− xA
)K
=
( n
n◦
)K−1
, (2.25)
where
• x◦A: mole fraction of A in the initial alloy charge
22
2.5 The deposition of alloys
• n◦: total number of molecules A and B in the initial alloy charge
• n = nA + nB, number of moles left in the source.
It is implied that the composition of the alloy remains homogeneous throughout the evapo-
ration process. The change of the molar ratio during evaporation is significantly affected
by the system specific parameter K and by the mole fraction of the initial alloy charge.
Hence, an alloy only evaporates congruently if K happens to be 1 or else the composition
of the vapour deviates from the charge. Initially, the more volatile constituent evaporates
preferentially and the proportions are reversed as the evaporant is used. Directly eva-
porated films have therefore a vertical stoichiometry gradient. This effect is even more
pronounced the more K differs from 1. Hence, nearly homogeneous films can be deposited
only when K is close to 1. But then only a small amount of the charge will be evaporated
congruently, which means one needs large charges. This is from the experimental point of
view not trivial. Furthermore one has to be careful by choosing the initial concentration
of the charge to compensate for the different volatilities in order to obtain the desired
composition.
2.5.2 Deposition of alloys from elemental sources
In this deposition mode the materials come from several sources and condense at the
substrate. One way is to introduce reactive gases like oxygen into the vapour. Then fully
oxidised films can be obtained. This technique is applicable in those cases where oxides
cannot be evaporated directly.
However, to produce chalcogenide compounds we do not need to consider reactive eva-
poration. For these materials it is convenient to make use of simultaneous evaporation of
multiple sources. The evaporation of multiple materials at different temperatures followed
by joint condensation on the same substrate circumvents problems like decomposition al-
ready encountered in the direct evaporation method. Furthermore, this technique offers
the possibility to co-deposit materials, which form neither compounds nor solid solutions
due to the random arrival of single atoms and their limited mobility.
However, the disadvantage of this technique is that one needs to control the deposition
rates to obtain the desired constituent ratio. Further the positioning of the sources has to
be planned carefully such that the substrate area is exposed uniformly to all vapour stre-
ams. While a few percent thickness variation across the substrate area is often acceptable,
differences in angles of incidence from the sources also cause compositional deviations. To
get a better feeling for the thickness and thus stoichiometry distributions a closer look
onto their dependence upon the geometrical parameters is presented in the next section.
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2.6 Lateral stoichiometry distribution function
To obtain the lateral stoichiometry distribution we simply consider the thickness distri-
bution function for all evaporation sources involved. To obtain the film stoichiometry we
then only need to weight each thickness distribution function dj(x, y) with the specific
molar weightMj and the specific density ρj. Thus, the concentration Sj in atomic percent
of an element Ej in an alloy can be written as
Sj =
djρj
Mj∑
i
diρi
Mi
. (2.26)
Using equation (2.26) the lateral stoichiometry distribution can be calculated for each ele-
ment Ej. In figure 2.5 the simulated stoichiometry distribution for a GeSbTe system with
rate ratio 1.0 : 1.3 : 3.8 are shown. Two realistic cases are considered. The corresponding
γ and ω values are listed in table 2.1. Configuration 1 represents an evaporation source
1 2
Element γ ω γ ω
Ge 0 270 45 270
Te 45 180 45 180
Sb 45 0 45 0
Tabelle 2.1: Two configurations for preparing lateral stoichiometry gradients.. All sources are
mounted at a distance of 10 cm from the substrate.
for Sb facing towards the source for Te. Both sources are tilted under 45 degrees. The
source for Ge is mounted parallel to the sample normal. Due to the rotational invariance
with respect to the sample normal, ω is randomly chosen to be 270 degrees. Configura-
tion 2 is a slight variant of configuration 1. It differs in the fact that the source for Ge
is now mounted 45 degrees in respect to the sample normal. All cells are mounted at a
distance of 10 cm from the sample. In the case of the first configuration only antimony
and tellurium are mounted under 45◦. Hence, mainly these sources will contribute to the
thickness gradients, which leads to lines of constant concentration being parallel to the y-
axis. At coordinates for which y < 0, we are nearer to the antimony source and hence the
stoichiometries are antimony richer. In the case of y > 0, we are nearer to the tellurium
source, which leads to tellurium richer stoichiometries. For configuration 2 the thickness
distribution function for the germanium source also contributes to the stoichiometry gra-
dients and hence the iso-stoichiometry lines are not parallel to the x-axis anymore. In the
case of the germanium we can see an increase of the germanium concentration near the
germanium source (x < 0). The other diagrams can be interpreted analogously.
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(b) Ge: γ = 45◦, ω = 270◦
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Abbildung 2.5: The compositional fraction for each element for the configurations listed in ta-
ble 2.1. The rates have been chosen such that Ge2Sb2Te5 will be obtained at point (0, 0).
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(c) Sb: γ = 45◦, ω = 0◦
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Abbildung 2.5: The compositional fraction for antimony.
In figure 2.6 the stoichiometries calculated using these configurations are depicted in
a ternary diagram to give an idea for the lateral stoichiometry gradients. For the first
configuration we only retrieve a library with an almost constant amount of germanium.
However, by mounting the germanium source similar to tellurium and antimony sources
under 45◦ (configuration 2) a larger stoichiometry range can be accessed.
Now that we have seen how stoichiometry gradients can be prepared, we will take a
closer look at the crystallisation theory. By studying this theory we are able to extract
the relevant parameters, which determine the properties of phase-change materials.
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(e) Te: γ = 45◦, ω = 180◦
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(f) Te: γ = 45◦, ω = 180◦
44.0
50.0
56.0
62.0
68.0
Abbildung 2.5: The compositional fraction for tellurium.
0.00 0.25 0.50 0.75 1.00
0.00
0.25
0.50
0.75
1.00 0.00
0.25
0.50
0.75
1.00
Sb
Te
Ge
GeTe
Ge
4
SbTe
5
Ge
2
Sb
2
Te
5
GeSb
2
Te
4
GeSb
4
Te
7
Sb
2
Te
3
Sb
2
Te
Abbildung 2.6: The available stoichiometry gradients calculated using the configurations listed
in table 2.1. The blue coloured dots represent the stoichiometry gradients produced with confi-
guration 2, whereas the red coloured dots represent the stoichiometry gradients produced with
configuration 1. The dashed red line is the so called pseudo-binary line.
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2.7 Crystallisation Theory
In this section the crystallisation theory will be discussed. To crystallise an amorphous ma-
terial we first have to form crystalline nuclei. Once the critical amount of nuclei is present
these nuclei can start to grow. In the case of amorphous regions in crystalline matrices,
the crystallisation can also start by growth from the rim. Hence, studies of crystallisation
theory are connected with the concept of activation energy for nucleation and growth
processes. Understanding these two processes is therefore necessary in order to search
for materials having suitable crystallisation properties, as stability against crystallisation
and speed of re-crystallisation determines their effective working limits. The activation
barrier for nucleation and growth is microscopically reflected by the minimal time for cry-
stallisation and macroscopically by the transition temperature. To amorphise materials,
we just need to heat above the melting temperature and subsequently quenching. Hence,
the amorphisation is mainly determined by the melting temperature and the cooling rate.
The ratio between the activation barriers for nucleation and growth should determine the
mode of re-crystallisation. In the case of a lower activation barrier for nucleation, we can
speak of fast nucleation materials, whereas in case of lower activation barrier for growth
the materials are called fast-growth materials.
The next sections discuss the theory of phase transformation and the kinetics of nuclea-
tion and growth. In addition the Johnson-Mehl-Avrami theory (JMA) is then able to
decouple the contribution of nucleation and growth in crystallisation processes.
2.7.1 Phase transformation
The thermal stability of a system depends on its free enthalpy G, which is defined by
G = U + p · V − T · S (2.27)
where U , p, V and S are the internal energy, pressure, volume and entropy of the system,
respectively. A system is defined to be stable when its free enthalpy is at a global minimum.
Systems being at a local minimum are said to be meta-stable since there will always be a
driving force towards the global minimum. The time scale in which the meta-stable phase
is forced to the stable phase is determined by the kinetics (see 2.7.3).
The transformation from an α to a β phase is governed by the difference in the free
enthalpies of the two phases i.e ∆G = Gβ − Gα. ∆G is also called the driving force of
the phase transition. In addition to sputtering and evaporation at room temperature the
amorphous phase can be realised by cooling a liquid sufficiently fast so that no nucleation
occurs between the melting temperature Tm and the glass transition temperature Tg. This
rapid cooling suppresses crystallisation, which is the thermodynamically favoured state
below Tm, implying that the resulting glassy state is thermodynamically meta-stable. If
sufficient thermal activation is available, the amorphous phase would therefore crystallise.
This is schematically illustrated in figure 2.7, which shows the free enthalpy diagram for
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this process. Although, ∆G drives the meta-stable amorphous structure towards the
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Abbildung 2.7: The free enthalpy dependency of the configurational coordinate (a) and with
temperature (b).
stable phase first an energy barrier Ea has to be overcome. Ea determines the kinetics of
the transformation and is a combined energy for nucleation and growth processes. To be
able to characterise the crystallisation mechanism we discuss nucleation and growth in
the next two sections.
2.7.2 Nucleation kinetics
In homogeneous nucleation, the probability of nucleation occurring at any given site is
identical to that at any other site within the volume of the parent phase. Suppose a critical
nucleus of radius r of a new, stable phase appears in the middle of the parent phase, then
the total free enthalpy change ∆G is given by
∆G = 4pir2γ +
4
3
pir3∆Gv +∆Ge (2.28)
where ∆Gv is the Gibbs free energy change per unit volume and γ is the surface energy
per unit area of the interface separating the new and the parent phases. ∆Ge represents
the change in free enthalpy due to elastic enthalpies. We will neglect this term for now
since it does not influence the description of phase transitions qualitatively. Equation 2.28
is plotted in figure 2.8. For small radii ∆G increases since the nucleus has to overcome
the surface energy and hence it scales with the square of the radius. For large radii
∆G decreases since the nucleus gains enthalpy due to the increase in volume. Hence, a
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Abbildung 2.8: The change in free enthalpy as function of the radius of a spherical nucleus in
a liquid. The dash-dotted line represents the increase in free enthalpy due to the increase in
surface enthalpy while the dashed line describes the decrease in enthalpy due to decrease in
volume enthalpy, respectively.
maximum Gibbs free energy ∆Gc has to be overcome to obtain stable nuclei having a
critical radius rc. By setting the first derivative to zero, the critical radius rc is obtained
as:
rc = − 2γ
∆Gv
(2.29)
(2.30)
and the critical Gibbs free energy as
∆Gc =
16piγ3
3(∆Gv)2
(2.31)
For a liquid to solid transformation, the temperature dependence of Gibbs free energy is
defined as
∆Gv =

∆Hcl · ∆T
Tm
T > Tg
∆Hca ·
(
1− T
Tg
(
1− ∆Hac
∆Hcl
∆T
Tm
))
T ≤ Tg
(2.32)
(2.33)
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where ∆Hcl is the enthalpy change per unit volume for the crystalline to amorphous tran-
sition and ∆Hac for the amorphous to crystalline transition, Tm is the equilibrium melting
point at which ∆Gv = 0 and Tg the glass transition temperature. It is assumed that abo-
ve enthalpies are independent of temperature. If we assume that the transition occurs at
temperatures above the glass transition temperature, we can combine equations (2.31)
and (2.33) to obtain
(2.34)
∆Gc (T ) =
16piγ3T 2m
3(∆Hcl)2(∆T )2
(2.35)
Equation (2.35) shows that the activation energy for nucleation increases with increasing
inter-facial free energy, decreasing enthalpy of fusion or decreasing undercooling. The
number of critical sized nuclei Nc can be estimated by assuming the Maxwell-Boltzmann
statistics and is given by
Nc = Ntexp
(
−∆Gc
kBT
)
(2.36)
where Nt is the total number of particles per unit volume of the parent phase. The rate of
nucleation In is proportional to the product of the rate Ils for an atom diffusing from the
solid into the nucleus and the number of immediate neighbours to the nucleus, sc. Hence,
In is given by
In =
dN
dt
= NcIlssc (2.37)
The rate Ils that an atom crosses the liquid to solid interface and is added to the nucleus
can be assumed by a Boltzmann term like
Ils = ν exp (−Gls/kBT ) , (2.38)
where Gls is the enthalpy for crossing the liquid-to-solid interface and ν is the attempt
frequency. Combining equations (2.36), (2.37) and (2.38) the temperature dependence of
the rate of nucleation can be written as
In (T ) = scν · exp
(
−∆Gc +∆Gls
kT
)
. (2.39)
To discuss the temperature behaviour of the nucleation rate the dependence of the single
parameters should be discussed briefly. The parameter sc is assumed to be temperature
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independent. The time needed to form enough critical nuclei Nc is the incubation time t0
and can be written as
t0 =
6n2k
np
· kBT
∆Gc
· 1
ν
· exp
(
∆Gls
kBT
)
︸ ︷︷ ︸
∝η
, (2.40)
where nk is the number of atoms in the critical nucleus, n the number of atoms at the
boundary and p the probability that an atom jumps across the interface (Christian, 1965;
Nagpal and Bhatnagar, 1997). The latter term in equation (2.40) is proportional is pro-
portional to the viscosity η, since Gls describes the activation barrier for an atom diffusing
from the liquid to the solid. The temperature dependence of the viscosity η in the regime of
the liquid and the under-cooled liquid, is described by the Fulcher-Vogel equation (Fulcher,
1925; Vogel, 1921)
η (T ) = η0
A
T − T0 , (2.41)
where η0 and A are constants. The temperature T0 is close to the Kauzmann temperature
TK , which is defined as the temperature where the difference in entropy between the solid
and liquid is zero (Kauzmann, 1948). Upon undercooling, the liquid remains in internal
equilibrium up to the glass transition temperature Tg. It is configurationally frozen here
and the viscosity rises less quickly upon further cooling. Figure 2.9 shows two different
iso-configurational states [(a) fast cooling, (b) slow cooling]. Due to structural relaxation,
which is indicated by the arrows, the viscosity increases with time continuously below
Tg: the glass tries to approach its equilibrium structure (c), which would be obtained by
cooling infinitively slowly. Overheating a glass quickly above the glass transition tempe-
rature results in a decrease of the viscosity with time due to structural relaxation. Most
under-cooled liquids undergo their glass transition when their viscosity approaches a va-
lue on the order of 1012 Pa s. At sufficiently low temperatures (T < Tg), glasses seem to
show no apparent permanent change in their shape any more on experimental time scales.
Macroscopically, they are solid. However, at elevated temperatures above Tg, the glass is
able to flow within experimental time scales and the viscosity can be measured by stress
relaxation experiments.
Hence, equation 2.35 shows that ∆Gc is strongly temperature dependent. At low tem-
peratures, In increases with decreasing temperature, as ∆Gc decreases. However, as soon
as ∆Gc becomes negligible compared to ∆Gls, ∆Gls will dominate equation 2.37. At the
melting temperature the driving force vanishes because the solid and liquid are in equilibri-
um. This results in an infinite activation barrier ∆Gc (s. 2.31) and the nucleation rate In
tends to zero at the melting temperature. This results in a maximum in the homogeneous
nucleation rate, which may be considerably below the melting temperature.
After the formation of the nucleus, it may reduce its total free energy by continuous
growth. Therefore we discuss in the following section the growth kinetics.
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Abbildung 2.9: Viscosity η in various stability regimes: stable equilibrium above Tm, meta-stable
equilibrium below Tm and instable iso-configurational states below Tg. (a) Fast cooling. (b) Slow
cooling. (c) Cooling infinitively slowly (equilibrium). Curve (c) is described by the Fulcher-Vogel-
Equation (2.41).
2.7.3 The growth kinetics
Growth is the increase in size of the product particle after the nucleation has taken
place. For this to happen atoms have to cross the interface between the two phases. This
requires thermal energy to overcome the potential barrier between the two phases. This is
illustrated graphically in figure 2.10. The rate of growth of the new phase is determined
by considering the flow of the atoms between the two phases. The rate of atoms uij
transferring from phase i to phase j is given by
uij = niνipiBj exp
(
−Gg,ij
kBT
)
i, j = 1, 2. (2.42)
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Abbildung 2.10: Schematic presentation of the growth of phase 1 into the phase 2 matrix.
where ni is the surface density of phase i atoms at the interface, νi is the frequency factor
of change from phase i to j, pi is the probability that an atom at the interface successfully
changes its position and joins phase j while Bj is the probability of such an atom staying
in phase j. Gg,ij is the enthalpy of transfering an atom from phase i to phase j. The
difference between u21 and u12 determines the net flux of the atoms u. By assuming that
values ni, νi, pi, and Bj for the two phases are equal and assigning these quantities n, ν, p
and B respectively, we obtain
u = u21 − u12 = nνpB
(
exp
(
−Gg,21
kBT
)
− exp
(
−Gg,12
kBT
))
(2.43)
= nνpB exp
(
−Gg,21
kBT
)(
1− exp
(
−−∆Gatom
kBT
))
(2.44)
The growth rate Ig is obtained by multiplying equation 2.44 with the volume of the
atom Vatom and a factor ξ < 1. The factor ξ accounts for the non-uniformity of atomic
penetration through the interface (Uhlmann, 1972). Therefore the final equation for the
growth rate Ig is written as
(2.45)
Ig = ξnνpBVatom exp
(
−Gg,21
kBT
)
·
(
1− exp
(
−−∆Gatom
kBT
))
(2.46)
The term ν exp
(
−Gg,21
kBT
)
in equation 2.46 indicates that the growth rate is inversely
proportional to the viscosity, η. This follows from Uhlmann (1972) who showed that
ν exp
(
−Gg,21
kBT
)
∝ 1
η
(2.47)
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Figure 2.11 depicts the temperature dependence of the growth rate Ig and the nucleation
rate In for a stoichiometry with a high nucleation rate and a moderate growth rate (left
hand side) and for a stoichiometry with moderate nucleation rate and high growth rate
(right hand side) (Borg et al., 2001). As we discussed in section 2.7.2, the nucleation
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Abbildung 2.11: Schematic representation of the temperature-dependent nucleation and growth ra-
te for fast growth (left) and fast nucleation (right) materials (Borg et al., 2001). The relative rates
for nucleation and growth therefore determine the way amorphous marks will be re-crystallised
(erased). For materials with a high nucleation rate, the amorphous marks will be re-crystallised
by nucleation followed by growth. These class of phase-change materials are called the fast nuclea-
tion materials". On the other hand, materials with a high growth rate, the amorphous marks
will be re-crystallised by growth of the crystallites at the region edge towards the centre of the
mark. These class of materials are the so called fast growth materials".
rate first increases with temperature. At elevated temperatures the nucleation rate again
decreases since the driving force for nucleation vanishes. A similar behaviour can be
observed for the growth rate. At lower temperatures ∆Gatom is large with respect to kBT .
Then, the second exponential term in equation (2.46) vanishes and hence the nucleation
rate can be estimated by
Ig = ξnνpBVatom exp
(
−Gg,21
kBT
)
for T  Tmax (2.48)
The temperature dependence of ∆Gatom has a similar behaviour as the Gibbs free energy
for per unit volume ∆Gv (see (2.33)). This results in a vanishing driving force ∆Gatom for
temperatures near the melting temperature. Hence, the argument of the exponential term
in the second term of equation (2.46) will be small leading to a vanishing value for the
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second term. This gives rise to a temperature where the growth rate is at a maximum value.
This maximum growth rate usually occurs at a higher temperature than the maximum
nucleation rate.
The relative rates for nucleation and growth therefore determine the way amorphous
marks will be re-crystallised (erased). For materials with a high nucleation rate, the amor-
phous marks will be re-crystallised by nucleation followed by growth. These class of phase-
change materials are called the fast nucleation materials". On the other hand, materials
with a high growth rate, the amorphous marks will be re-crystallised by growth of the
crystallites at the region edge towards the centre of the mark. These class of materials are
the so called fast growth materials". However, the class to which a material belongs is in
general determined by the ratio of the nucleation rate with respect to the rate of nucleati-
on at the write temperature. This temperature again depends on the optical absorption at
the laser wavelength, the laser pulse, the heat conduction of the amorphous phase and the
surrounding layer stack. Hence, under certain circumstances the ratio of nucleation and
growth will change such that a fast growth material acts like a fast nucleation material.
The profile of the laser beam, furthermore, will lead to a higher temperature in the centre
of the irradiated area than at the rim. Hence, the ratio of the nucleation rate with respect
to the growth rate can also vary laterally in the amorphous mark.
Hence, to properly describe these phenomena, we need to obtain the activation barrier
for nucleation as well for growth. In the next section the Johnson-Mehl-Avrami (JMA)
theory is presented, which describes the combined rate of crystallisation and decouples
the contributions of nucleation and growth.
2.7.4 The Johnson-Mehl-Avrami (JMA) transformation equation
The rate of crystallisation is obtained by combining the rates of nucleation and growth.
This is usually described by a theory derived independently by Johnson and Mehl (1939)
and Avrami (1939), now known as Johnson-Mehl-Avrami (JMA) theory. The velocity
of crystallisation depends on the rate at which stable nuclei form and their subsequent
growth rates. For isothermal annealing, the degree of transformation increases with time
and stops once a minimum in free enthalpy for the system is reached. The velocity of
transformation is strongly temperature dependent. The JMA transformation equation
relates the fraction of the material transformed with time at a constant temperature
χ (t) = 1− exp
−4
3
piI3g ·
t∫
0
(t− t′)3 · In dt′
 , (2.49)
where In is the nucleation rate (see. (2.37)) and Ig the growth rate (see (2.46)). To interpret
this equation we discuss two special cases:
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• In the case of N nuclei at t = 0 and a nucleation rate Ic = 0, i.e. no further formation
of nuclei, equation (2.49) simplifies to
χ (t) = 1− exp
(
−4
3
piI3g ·N · t3
)
.
• In the case of 0 nuclei at t = 0 and a constant nucleation rate Ic equation (2.49)
simplifies to
χ (t) = 1− exp
(
−4
3
piI3g · Ic · t4
)
.
In general, equation 2.49 can be written as
χ(t) = 1− exp (−k (t− t0)n) , where k =
(
4
3
piI3g · Ic·
) 1
n
, (2.50)
where t0 is the incubation time (see equation 2.40). The exponent n is the order parameter,
which depends upon the nucleation and growth mechanisms. k is usually found to follow
an Arrhenius-type equation of the form
k = k0exp
(
−∆E
kBT
)
(2.51)
where k0 is a pre-exponential frequency factor. Combining equations 2.50 and 2.51 we
obtain
ln (− ln (1− χ(t))) = ln(k) + n · ln (t− t0) . (2.52)
Therefore, a plot of ln (− ln (1− χ(t))) versus ln (t− t0) at a constant temperature gives a
straight line of slope n and vertical axis intercept ln (k). Equation 2.52 can be rearranged
to
ln (k) = ln (k0)− ∆E
kBT
. (2.53)
Thus by obtaining a series of values for ln(k) at different temperatures T , ∆E and k0 can
be determined from a series of constant temperature experiments. An alternative method
to determine the activation barrier ∆E is by performing a series of variable heating rate
experiments, which are interpreted using Kissinger’s analysis (see section 3.4.1). This
method was employed to investigate the kinetics of crystallisation for the phase-change
materials studied.
if we now combine equations (2.50) and (2.49), (2.51) with equations (2.39) and (2.48),
the combined activation barrier ∆E can written as
∆E =
3
n
· (∆Gc +∆Gls)︸ ︷︷ ︸
∆En
+
1
n
·∆G21︸ ︷︷ ︸
∆Eg
, (2.54)
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where ∆En represents the activation barrier for nucleation and ∆Eg the activation barrier
for growth, respectively. Weidenhof (2000) has shown that the coefficient n can be assu-
med to be four. This represents the case where no critical nuclei exist and the nucleation
rate remains constant. This now enables us to decouple the contribution of nucleation
and growth in the crystallisation process. ∆E can be measured by applying the Kissin-
ger analysis to temperature dependent electrical measurements (see section 3.4.1). Kalb
(2002) measured ∆Eg by studying the temperature dependence of viscous flow using a
curvature setup. Equation (2.54) now enables us to determine the activation barrier for
nucleation. However, at this this point we have to consider, that for re-crystallisation
experiments the amorphous marks condensates out of the liquid phase. And in general,
the activation energies for crystallisation as defined above and the activation barriers for
the melt-quenched amorphous state to crystalline transition do not necessarily have to
describe the same process. Hence, the activation barrier for the crystallisation of the as
deposited amorphous phase will at least help to improve initialisation processes in the
production of optical data-storage media.
Although we now distinguished the important parameters, it is not clear how these
depend on stoichiometry. In an ideal situation a theory is needed which predicts the
activation barriers for nucleation and growth based upon the stoichiometry as an input
parameter. However, no such theory is known until now. In the next section we will discuss
the Peierls effect, which is able to predict structure based on the stoichiometry for covalent
bonded systems.
2.8 The Peierls Effect
The Peierls effect is used to understand and predict the structure of covalent bonded
systems. As already mentioned in the introduction, we need materials, which can rapidly
switch between the amorphous and crystalline state. This will be easier for those materials
having a similar local arrangement for both the amorphous as well as the crystalline state.
Hence, if we have a theory, which is able to predict the structure of the crystalline state,
we can use this information to guide the search for faster phase-change materials.
Since many of the materials used for optical data storage applications have covalent
bonds, we will have the opportunity to understand the structure of the materials, which
were under investigation until now. Furthermore it will help us to predict the structure
of not yet prepared materials. If we then understand, which role the structure plays in
crystallisation we can use the Peierls effect to predict compounds, which are suitable for
next generation optical data-storage applications.
In this section the Peierls effect will be briefly discussed for a periodic one-dimensional
chain of atoms with an inter-atomic spacing a. A complete derivation is given by Gaspard et al.
(1998). We will then see that by distorting this lattice the total energy of the system will
decrease. The band structure of such a periodic one-dimensional chain of atoms can then
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be written as:
E(k) = 2β cos ka , (2.55)
where β is the hopping integral describing the transition of an electron from one lattice
site to the next site. If we now distort the system by moving every second atom the
unit cell will be duplicated, which leads to a smaller Brillouin cell. Hence, the hopping
integral will be split into the hopping integrals β1 and βs, which leads to the following
band structure:
E(k) = ±
√
(β1 − β2)2 + 4β1β2 cos2 ka , (2.56)
These band structures are schematically depicted in figure 2.12. Due to the distortion
a band gap ∆E = |β1 − β2| occurs at k = ±pi/2a. If we assume that every atom has
one electron available, then the undistorted band will be half filled and hence be metallic.
The Fermi wave vector is then kf = ±pi/2a. Due to the distortion the valence band will
be completely filled, whereas the conduction band will be empty. Similar as for semicon-
ductors, the Fermi level will be in the middle of the band gap. Thus the distortion is
accompanied by a metal to semiconductor transition. However, the transition will only
take place if the total electronic energy of the distorted phase is lower then the energy
of the undistorted phase. As we can derive from figure 2.12 the decrease in energy is
|β1 − β2|/2. If this energy gain is higher then the elastic energies, which it has to over-
come, the system will thus tend to distort the structure such that the total energy will
decrease. In general we can postulate that a unit cell, which is enlarged by a factor m (m
is an integer), the initial band structure will be split in m sub-bands. This effect is then
called m-merisation (Gaspard and Ceolin, 1992).
−π/a
k
E
π/a
 
E
F
−π/2a π/2a0
∆E
Abbildung 2.12: Illustration of the Peierls effect. The energy band of the undistorted structure
(blue line) will be replaced by the energy band represented by the red curve. In the distorted
structure a band gap ∆E = |β1 − β2| will occur.
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To understand, which distorted structure will be the most stable one, tight-binding
theory was used to calculate the total electronic energy of the system. For the elements
of the fifth, sixth and seventh group the p-electrons mainly contribute to the bonds. The
stronger attraction between the nuclear charge and the electrons enlarges the energetic
distance between the s- and p-levels and hence will prevent sp-hybridisation. Since the
s-electron levels are fully occupied, these electrons will not contribute to the bonding. Due
to the ppσ interaction we will obtain structures with 90◦ angles and hence the problem
can be decoupled in the three directions of the space. Hence, a simple cubic structure is
to be expected. If the starting simple cubic structure undergoes a periodic deformation
of period m, called m-merisation, m gaps open. If one of theses gaps opens at the Fermi
energy, a gain in electronic energy is obtained due to the shift of the electronic states that
were at and just below the Fermi energy (see figure 2.12). Sire (1991) showed that the
energy gain is proportional to ∆E2 ln∆E.
Gaspard et al. (1998) have shown that for a distorted linear chain, the total electronic
energy is a non-linear function of the band filling by taking into account the density of
states. It was shown that for a given band filling ratio ρ the most stable structure among
the distorted structures is the structure having the average coordination number c:
c = 2− 2ρ,
If Np is the average number of p electrons in the three dimensional structure, we have
Np = 6ρ and thus:
c = 2− 2Np
3
,
The number of short bonds in a three dimensional structure is then
Z = 6−Np = 8−Nsp ,
taking into account the two non-bonding s electrons. The latter expression is also known
as the octet rule.
In summary, we have learned that for a periodic deformation with wave vector 2pi/ma, a
gap opens up at the Fermi level, Ef . However, also structures with periodic deformations
represented by n · 2pi/ma open up gaps at Ef , where n = 2, 3, . . . . As we have seen
above the distorted structure with the largest band gap will be the most stable structure.
Consequently, the most stable structure corresponds to a situation in which a gap opens
exactly at Ef having a deformation of minimal wave vector n·2pi/ma. Gaspard and Ceolin
(1992) showed that, for a p band filling ρ there exists an integer n such that the p band
filling can be expressed as n/m and the most stable structure is an m-merised structure.
Gaspard and Ceolin (1992) have compiled the known crystal structures of some V -V I
compounds and IV -V -V I compounds1 and without any exceptions all compounds show
1IV ∈ {Ge}, V ∈ {As, Sb,Bi}, V I ∈ {Se, Te}
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the predictedm-merisation. With this recipe the calculatedm-merisation for the materials
Sb, Te, Sb2Te and some compounds along the pseudo-binary line are listed in table 2.2.
For a structure to be Peierls distorted the thermal energy kBT has to be smaller than the
Ge (2) Sb (3) Te (4) p filling ratio m-merisation
0 1 0 0 · 2
6
+ 1 · 3
6
+ 0 · 4
6
= 1
2
2
0 0 1 0 · 2
6
+ 0 · 3
6
+ 1 · 4
6
= 2
3
3
0 2 1 0 · 2
6
+ 2
3
· 3
6
+ 1
3
· 4
6
= 5
9
9
1 0 1 1
2
· 2
6
+ 0 · 3
6
+ 1
2
· 4
6
= 1
2
2
4 1 5 4
10
· 2
6
+ 1
10
· 3
6
+ 5
10
· 4
6
= 31
60
60
2 2 5 2
9
· 2
6
+ 2
9
· 3
6
+ 5
9
· 4
6
= 5
9
9
1 2 4 1
7
· 2
6
+ 2
7
· 3
6
+ 4
7
· 4
6
= 4
7
7
1 4 7 1
12
· 2
6
+ 4
12
· 3
6
+ 7
12
· 4
6
= 7
12
12
0 2 3 0 · 2
6
+ 2
5
· 3
6
+ 3
5
· 4
6
= 3
5
5
Tabelle 2.2: p band filling for the materials Sb, Te, Sb2Te and some compounds along the pseudo-
binary line.
energy gained in the distortion. Hence, the compound Ge4SbTe5, which has a predicted
m-merisation of 60, experimentally only shows a merisation of two. The m-merisation
can be experimentally accessed by building the ratio of the c- and a-parameters of a
hexagonal unit cell. The merisation then scales with c/a. However, materials like AmXn2
crystallise in the space group R3m when m is a multiple of three (Imamov and Semiletov,
1971). Consequently, the number of layers in the unit cell is 3m, m being the index of
merisation.
Hence, the Peierls effect is used to understand and predict the structure of covalent
bonded systems. Since many of the materials used for optical data storage applications
have covalent bonds, we will now have the opportunity to understand the structure of
the materials, which were under investigation until now Welnic (2002). Furthermore it
will help us to predict the structure of new materials. If we then understand which role
the structure plays in crystallisation we can use the Peierls effect to predict compounds
suitable for next generation optical data-storage applications. Unfortunately, for ternary
alloys the Peierls distortion of the rock salt lattice is not possible without diffusion. For
example, Friedrich (2000) has shown that for rock salt Ge2Sb2Te5 it is not possible to
obtain the hexagonal phase without diffusion.
2A ∈ {As, Sb,Bi}, X ∈ {Se, Te}
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In this chapter we want to present the experimental methods and procedures used to
retrieve data from the prepared samples. First of all we will describe optical lithography
(see 3.1.1) and atomic force microscopy (see 3.1.2). The combination of these two techni-
ques is used to verify the thickness gradients, which were calculated using basic emission
laws. By superposing the thickness gradients of several evaporation sources we can then
prepare stoichiometry libraries. The exact composition is measured (see 3.2) using secon-
dary neutral mass spectroscopy (see 3.2.2) and Rutherford Backscattering (see 3.2.1). To
screen the libraries for properties like the minimum time for crystallisation a static tester
(see 3.3) is used. This setup offers the possibility to laterally scan the sample and thus
scan different compounds. This setup can also be utilised to study the amorphisation and
re-crystallisation processes. Next to stoichiometry libraries we are also able to produce sin-
gle stoichiometry samples, which can be used to be analysed by other techniques (see 3.4).
Temperature dependent electrical measurements are used to measure the crystallisation
temperature (see 3.4.1). Applying the Kissinger analysis offers access to the combined
activation barrier for nucleation and growth. With the phase-change a change in density
of about 6-10% is involved. Hence X-ray reflectometry and diffractometry is employed
to measure the density change and structural change upon crystallisation (see 3.4.2).
The change in density upon crystallisation gives rise to enormous stresses. To compare
the stress relaxation mechanism between sputtered and evaporated samples, curvature
measurements have been performed. The curvature setup will be briefly described in secti-
on 3.4.3. Finally optical spectroscopy is introduced, since materials for re-writable optical
disks are only useful with a considerable optical contrast between both states (see 3.4.4).
3.1 Verification of the thickness gradients
To verify the thickness gradients, which are essential to provide stoichiometry libraries
a combination of optical lithography and atomic force microscopy is chosen. This part
describes these techniques and describes how they were employed. The idea is to create
a coordinate system on the sample. Once this coordinate system is created, the gradients
have to be created. Then, we just need to laterally determine the film thickness. The
obtained thickness profiles can then be compared to profile simulated with the use of
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basic emission laws (see section 2.3).
The coordinate system is created using optical lithography, whereas the resulting thick-
ness profile was determined with atomic force microscopy. Hence, in the next we will
first describe the lithography (section 3.1.1) and subsequently atomic force microscopy
(section 3.1.2).
3.1.1 Optical Lithography
To verify the thickness gradients a combination of atomic force microscopy with optical
lithography was used. Figure 3.1 shows the procedure how the samples were prepared by
lithography. The silicon substrates were cleaned with acetone and propanol and subse-
Si substrate
photoresist
Cr mask
Si substrate
photoresist
Si substrate
photoresist
Si substrate
Si substrate
photoresist
(a)
(e)(d)
(c)(b)
Ge Sb Te
Abbildung 3.1: Optical lithography: a) spinning the photo-resist, b) illuminate the resist through
a Chromium mask, c) developing of the illuminated photo-resist, d) evaporation of th film, e)
after the lift-off.
quently dried at 115◦C for 5 minutes. Then the photo-resist (AD5214, AZ5206) is spinned
at a frequency of 4000 Hz or 6000 Hz (a). After a drying period of 5 minutes at 90◦C the
resist has a thickness of 1.4 µm or 0.6 µm, respectively. The next step is to expose the
photo-resist to UV-light through a Chromium mask for 8 seconds in contact mode (b).
Due to the illumination the bonds of the molecules of the illuminated area are changed
so that these have a higher solubility in the developer solution (MIF512, 1 : 1,25 H2O).
After a development period of 25 seconds, the structures remain on the substrate (c). Now,
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material can be evaporated on the structured substrate (d). The final step is to lift off the
remaining photo-resist by dipping it in acetone. Figure 3.2 shows an optical microscope
1 mm
1.5 mm
Abbildung 3.2: Optical microscope image of a substrate with structures prepared by optical litho-
graphy (dark: photo-resist, bright: Si-substrate).
image of a structured sample, which was prepared as described above. The dark areas are
the structures prepared by lithography. The bright area represent the Si substrate. The
structure width is 1 mm and the space between two structures is 0.5 mm. At the lower
right side of the left structure the letters WZ can be recognised. Each structure has an
unique combination of two letters, which can then be used as a coordinate system.
Besides the direct lift off there is an alternative way to perform lithography. Now, an
additional annealing and exposure step is inserted after the light exposure (figure. 3.1(b)).
The exposure time through the Chromium mask is reduced to 2.5 seconds. The sample is
then annealed for 2 minutes at 115◦C and subsequently exposed for 20 seconds (without
Chromium mask). The idea is that in contrary to the direct process the resist, which was
developed by the first exposure will now remain after the lift off such that the outcome is
the reverse of the first process. The advantage is that the edges are steeper.
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3.1.2 Atomic force microscopy
The height of the structures prepared with optical lithography (see 3.1.1) is measured
using an atomic force microscope (AFM). The AFM consists of a tiny tip, which is atta-
ched to a cantilever, that scans the sample surface. From the interaction between the tip
and the sample information about the surface topology and roughness can be obtained.
There are several modes for the cantilever to interact with the sample. The mode used
in this work is called the tapping mode. In this mode the tip is oscillating perpendicular
to the sample surface (Fig. 3.3). The electronics now control the tapping such that the
interaction between tip and surface remains constant. The distance between tip and sur-
face is thereby manipulated by piezo crystals. The change in voltage needed to control the
piezo crystals is then proportional to the sample topology. This way a topological image
of the surface is obtained (Prilliman and Colvin, 1997). For the measurements shown in
Amplitude
Abbildung 3.3: In tapping mode the cantilever oscillates perpendicular to the sample.
this work the Dimension 3100 from Digital Instruments was used. The AFM has a CCD
camera mounted in close vicinity to the sample, which has two advantages. First of all it
offers quick access to the surface, which is used to find the structures mentioned above.
Furthermore, it offers a spatial resolution of 1.5 µm. This offers the opportunity to guide
the AFM tip towards marks, which were generated by the static tester (see section 3.3).
From the many analysis features the Dimension 3100 offers, the features used in this
work are described here:
Section analysis The method makes a cross section of the image. Two markers can be
placed at arbitrary places whereby the height and width of structures can be deter-
mined. This tool is then used to determine the structure height.
Surface Roughness This method is used to determine the surface roughness. For each se-
lected pixel the height information Zi is used to calculate the statistical distribution
as the root-mean-square (RMS) roughness:
RMS =
√∑(
Zi − Z
)2
N
, (3.1)
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where Z is the mean value.
3.2 Stoichiometry measurement methods
In this work the influence of stoichiometry on phase-change properties is studied. Hence,
secondary neutral mass spectroscopy (SNMS) and Rutherford backscattering (RBS) are
employed to precisely determine the film composition. Because the stoichiometry librari-
es contain stoichiometry gradients, the stoichiometry can only be determined by SNMS
because RBS has no spatial resolution. However, to calibrate the SNMS system, single
stoichiometry samples were produced and compared to the analysis by RBS.
3.2.1 Rutherford Backscattering
Rutherford backscattering is used to measure the film composition. The method is based
on the energy transfer of the elastic scattering of high energetic ions like He+ at 1-3 MeV
with the sample. The back scattered Helium ions are detected as a function of the energy
loss. Figure 3.4 shows an example of a RBS spectrum of a thin GeTe-film on silicon. The
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Abbildung 3.4: Simulated RBS spectrum of an GeTe-layer on silicon. By simulating the measured
spectrum the layer stack can be reconstructed.
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ratio between the energy Ef of the backscattered He+ ion and the initial energy Ei is
given by the kinematic factor KRBS:
KRBS ≡ Ef
Ei
=

√
M2 −M2He+ · sin2(θ) +MHe+ · cos(θ)
MHe+ +M
2 , (3.2)
whereM is the mass of the target atom and θ the angle of scattering. The kinematic factor
KRBS increases with the mass of the target atom. The energy loss ∆E due to inelastic
scattering is given by
∆E = Ei − Ef = (1−KRBS) · Ei , (3.3)
By simulating the RBS spectrum the following information can be obtained:
The elements in the sample: depending on the atomic mass, the Helium ion looses
less or more energy. From the energetic position of the peaks information about the
stoichiometry can be obtained. From figure 3.4 it is obvious to see that elements,
with lower atomic mass than silicon are hard to quantify for a GeTe sample on a
silicon substrate. For example the O2-peak would start at channel 340.
The film thickness: on their path through the sample, the electrons continuously loose
energy due to inelastic scattering processes. Hence, the observed peaks will broaden
with film thickness. By knowing the sample’s density from techniques like X-ray
reflectometry the film thickness can be determined.
The stoichiometry: since the peak height scales with the area coverage of a given ele-
ment, this offers the opportunity to determine the stoichiometry of your film.
The measurements used for this work were performed by Robert Drese making use of the
RBS facility at the FZ-Jülich. The He ion beam operates at an energy of 1.4 MeV under
a detector angle of Θ = 170◦.
3.2.2 Secondary neutral mass spectroscopy
The composition of the compounds produced was determined using the secondary neutral
mass spectrometer VG SIMSLAB300 from Vacuum Generators. For this purpose an ultra
high vacuum system was built by Detemple (2003). In this section a short description
of the SNMS system will be given. Finally, the stoichiometry determined by SNMS is
compared to the stoichiometry measured by techniques like RBS and ICP-OES1.
1Inductively coupled plasma with optical emission spectroscopy, performed by ZCH at FZ-Jülich, Ger-
many
46
3.2 Stoichiometry measurement methods
The sample is bombarded by Argon or Xenon ions having a kinetic energy between 0.5
and 5 keV . Due to the interaction ionic as well as neutral particles will be sputtered from
the sample with an energy distribution given by
dN
dE
=
E
(E + U)3−2a
,
where U is the bond strength of the atom, E the corresponding kinetic energy and a an
element specific correction factor ranging between 0 and 1. To determine the composition
either the neutrals (SNMS) or the ions (SIMS) of the sputtered material are analysed by
the massspectrometer. However, the ionic part will be strongly influenced due to electro-
static interactions with the chemical environment of the sample surface. This so-called
matrix effect can change the amount of ionic particles in the range from 10−8% to 10%.
Hence, this SIMS is suitable to determine for example the concentration of dopants in se-
miconductors. The advantage of determining the stoichiometry by evaluating the neutrals
is, that the matrix effect plays a minor role. However, therefore the neutrals first have
to be ionised in order to be analysed by the massspectrometer. In contrast to SIMS, the
correlation between the number of detected neutrals and the distribution of the atoms
in the sample is almost linear. A sample with a well-known stoichiometry is then used
as a reference to determine the stoichiometry to account for the specific sputter yields of
detected species.
By comparing the count rates of the atoms of interest for the sample as well as the refe-
rence sample the stoichiometry is determined. We will now discuss how we can calculate
the stoichiometry from the sputtered particles. The total number of sputtered particles
for an isotope of element X is given by
I
(
X0
)
= IpYtotcX ,
and is given by the product of primary ion current Ip, the total sputter yield Ytot and the
concentration cX of the isotope. The number of sputtered neutrals is then given by
I
(
X0
)
= IpYtotcXα
0
Xη
0
X
(
1− α+X − α−X
)
,
where η0X represents the ionisation probability of the neutrals α0X , the geometry and
transmission coefficients of the detector and ion optics. α+X and α
−
X are the relative io-
nisation probability of the secondary particles. Typical values for the SNMS system are
η0X = 3.5 · 10−3 and α0X = 10−9 − 10−7. A detailed description of the stoichiometry
determination is given by Detemple (2003).
To verify the stoichiometry determination by SNMS thin GeTe films have been depo-
sited onto a carbon substrate. These were then analysed by RBS, SNMS and ICP-OES.
For the ICP-OES analysis a powder sample was needed and thus a thick GeTe film on a
copper substrate has been prepared. After deposition the film was deliminated by bending
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(b) Rutherford Backscattering analysis of
GeTe evaporated onto Carbon.
Abbildung 3.5: Secondary neutral mass spectroscopy (a) and Rutherford Backscattering (b) ana-
lysis of GeTe evaporated onto Carbon. To prevent influences from preferential sputtering the
first layers will be neglected in the SNMS analysis. Hence, the data in the blue dashed box is
used to determine the stoichiometry. Averaging the signals leads to an atomic fraction of 48.5%
for germanium and 51.5% for tellurium, respectively. The simulation of the RBS experiment
determines an atomic fraction of 47.6% for germanium and 52.4% for tellurium, respectively.
the copper substrate. The deliminated film was then used to prepare the powder sample.
Figure 3.5 shows the secondary neutral mass spectroscopy and Rutherford backscattering
spectrum of this sample, respectively. To determine the stoichiometry from the SNMS si-
gnal, the initial sputtering signal is neglected. Due to preferential sputtering, a few sputter
cycles have to pass until the surface composition is equivalent to the sample composition.
Hence, only the information in the dashed blue box is used to determine the stoichiome-
try. Averaging the signals leads to an atomic fraction of 48.5% for germanium and 51.5%
for tellurium, respectively. The simulation of the RBS experiment determines an atomic
fraction of 47.6% for germanium and 52.4% for tellurium, respectively. In table 3.1 the stoi-
chiometries determined by SNMS, RBS and ICP-OES are listed. The values determined
SNMS RBS ICP-OES
Ge 48.5% ± 1.0% 47.6% ± 3.0% 47.5% ± 2.0%
Te 51.5% ± 1.0% 52.4% ± 3.0% 52.5% ± 2.0%
Tabelle 3.1: Stoichiometry of the thin GeTe films analysed by secondary neutral mass spectros-
copy, Rutherford backscattering and ISCP-OES. The values determined by SNMS are in quite
good agreement with the values measured by the other techniques.
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by SNMS are in very good agreement with the values measured by the other techniques.
Hence, we can use SNMS to determine the composition of the stoichiometry libraries.
3.3 Screening tools, static tester
Until now we have described methods, which help us to prepare and determine the stoi-
chiometry of the libraries. In this section the static tester is introduced, which is employed
to screen the libraries.
The static tester is similar to an ordinary cd-drive used to modify and measure the
prepared thin films for their use as optical data storage media. The general setup is
depicted in figure 3.6 and is mounted on an air cushioned table. Besides the microscope
all devices are screwed on the table to fix their alignment. A laser (1.) producing a light
having a wavelength of 830 nm is used to heat parts of the film locally. The laser beam is
reflected by a mirror (2.) towards a polarisation dependent beam splitter (3., PBS). The
polarisation of the laser light is chosen in a way that the main part will be transmitted. A
λ/4 plate (4.) is used to generate circular polarised light. The deflection unit (5.) directs
the beam to the microscope (6.). The objective focuses the beam to the sample surface.
The irradiated spot size is typically less than a micrometer in diameter. The light reflected
by the sample is proportional to the reflectivity of the thin film. A pulse generator is used
to generate a defined short current pulse, which the laser transforms into a light pulse.
A part of the laser beam will be absorbed by the film due to the interaction of matter
with light and will be used to modify the material. Another part of the beam will be
reflected whereby the direction of the circular polarised light is switched. After the light
passes the objective and the deflection unit again, it is directed again to the λ/4 plate (4.)
whereupon the circular polarised light is transformed to linear polarised light again. Due to
the reflection at the sample surface, the polarisation is such that the main part of the beam
will be reflected by the PBS (3.). This part of the beam is then directed to the measuring
units. It first passes a glass plate (7.) , which is aligned under an angle of 45 degrees with
respect to the direction of light propagation. A small part of the beam will be reflected by
either a rotatable mirror (8.) or a second mirror (9.). The light reflected by these mirrors
will be transmitted through the glass plate towards a camera (10.). A C-MOS2 camera
is used to make images of the beam profile. The light, which is transmitted by the glass
plate is directed to another beam splitter (11.), which directs one half of the beam to
the auto-focus unit (12.) and the other half to the detector (13.), which measures the
reflectance of the sample. The auto-focus unit is used to determine the relative position of
the sample with respect to the focal point. The sample is positioned underneath the light
microscope, which can be moved in z direction as well in lateral direction with stepper
motors used in combination with piezo’s. The motion in z-direction is used to keep the
2complementary- metal oxide semiconductor
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Abbildung 3.6: Schematic sketch of the static tester. See text for details.
laser in focus, whereas the lateral motion can then be used to travel to new measurement
spots. A more detailed description of the setup is given by Heinrici (2002).
With the static tester in general three kinds of measurements are performed:
crystallisation The as-deposited phase-change samples are usually amorphous. Hence,
crystallisation experiments are performed to determine the minimal crystallisation
time. This time represents a sort of incubation time for nuclei to form. Hence, in-
formation about the ability to nucleate can be obtained. To be able to compare the
diagrams of different stoichiometries later on, each diagram will be normalised to
the maximum positive change in reflectance. Hence, we can decouple the optical
contrast and the crystallisation kinetics. If we know assume that 100% change in
reflectance represents complete crystallisation and 0% change represents no crystal-
lisation, the normalised change in reflection represents the fraction of crystalline
particles. We can then for example compare the minimal time to reach 50% of the
maximum change in reflection for each compound.
amorphisation After the sample is initialised power-time-effect diagrams are measured
with the objective to write amorphous marks. For this to work the material has to
be molten by the laser pulse and then cooled rapidly. Hence, typically short pulses
with high powers are used for this measurement. To enhance amorphisation the layer
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stack has to be tuned in a way that as much of the irradiated energy is absorbed by
the active layer. This can be either done by adjusting the layer stack or by choosing
an active material with a higher absorption coefficient.
re-crystallisation In re-crystallisation experiments the PTE-diagram is written with con-
stant pre-pulse. The pre-pulse parameters should be chosen to write an amorphous
mark. Furthermore the mechanism of re-crystallisation can be determined by wri-
ting a set of PTE-diagrams with varying pre-pulse. The pre-pulse should be varied
in a way that the produced amorphous region changes in size. Hence, fast growth
materials will re-crystallise mainly from the rim. Fast nucleation materials will show
a homogeneous nucleation. Hence, the minimum time for re-crystallisation will sca-
le with the size of the amorphous region for fast growth materials. The minimum
time for re-crystallisation for fast nucleation materials will be mainly dependent on
the incubation time for nucleation. For stoichiometry libraries two strategies can
be chosen. In the first strategy the pre-pulse parameters have to be chosen such
that the resulting amorphous marks are similar for compounds in the library. Then
the minimal times for re-crystallisation can be compared. The fact that the resul-
ting amorphous marks do not have to be similar necessarily, is accounted for in
the second strategy, which is based on the method to determine the mechanism
of re-crystallisation. Hence, for each compound re-crystallisation experiments with
variable pre-pulse are performed. We are then able to compare the mechanism of
re-crystallisation for all compounds. However, the disadvantage of this strategy is
the enormous time consumption involved.
The static tester is completely computer controlled (Ziegler, 2000). The computer pro-
grams a pulse generator, which produces a signal with which the laser diode produces
the desired laser pulse. The computer furthermore controls piezo crystals with which the
sample can be moved in three directions. The lateral directions are used to microscopically
move from region to mark, whereas the z-direction is used to keep the sample in focus. A
complete description of the autofocus unit is given by Heinrici (2002). Detemple (2003)
implemented a xy-table with which the sample can be moved macroscopically. This assists
the static tester to scan stoichiometry libraries.
3.4 Methods for single stoichiometry samples
Until now, we have presented how we can prepare and analyse stoichiometry libraries.
However, we are also able to prepare single stoichiometry samples by rotating the sample
during growth. These samples are suitable to be analysed with techniques like 4-point
probe measurements, X-ray analysis, curvature measurements and optical spectroscopy,
which are discussed in the next section. With the 4-point probe measurement we are
able to measure the transition temperature and obtain the combined activation barrier
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for nucleation and growth (section 3.4.1). The X-ray analysis is utilised to determine the
change in density and structure upon crystallisation (section 3.4.2). Since the change in
density leads to huge stresses, a curvature setup measurement is briefly described, which
enables to determine the change in stress upon crystallisation (section 3.4.3). With the
optical spectroscopy, we can determine the optical properties and contrast, which are
essential quantities for optical data storage media( section 3.4.4). In chapter 6 we will
also employ these techniques to compare properties of compounds prepared by thermal
evaporation and sputtering. Having similar properties is a requisite to search for new
materials with thermal evaporation instead of sputtering.
3.4.1 4 Point probe measurements
Besides the measurement of the sheet resistance the temperature dependence of electrical
resistivity was employed as a fast and precise way of determining the film state and
the combined activation barrier, which describes the kinetics of nucleation and growth.
However, in order to employ this activation barrier to understand static tester experiments,
we have to keep in mind that we here study the kinetics of the crystallisation for the as-
deposited amorphous to crystalline transition. However, in re-crystallisation experiments
the amorphous region is created by melting the material and subsequent quenching. Hence,
the amorphous region is in fact an under cooled liquid. The activation barrier for the
crystallisation from the under cooled liquid does hence not necessarily have to describe
the same process. Applying the JMA-theory (see section 2.7.4), the activation barrier
for nucleation and growth can be decoupled, which is important to determine whether a
material is a fast-growth or a fast-nucleation material.
Crystallisation is usually accompanied by a huge drop in resistivity. This can then
easily be used to determine the crystallisation temperature with high precision. The elec-
trical resistivity is determined from the sheet resistance and is measured by employing a
four-point probe setup following the procedure proposed by van der Pauw (van der Pauw,
1958). The setup was designed and constructed in cooperation with M. Henke. Its opera-
tional principles are discussed in detail in Henke (1998); Wöltgens (1998). The van der
Pauw’s method is schematically shown in fig. 3.4.1. A current I is applied through contacts
1 and 2 and the potential drop U43 across contacts 4 and 3 is measured. Then the current
I is applied through contacts 1 and 4 and the potential drop U23 across contacts 2 and 3
is measured. The sheet resistance Rs is then determined by (van der Pauw, 1958)
Rs =
pi
ln(2)
· F ·Q · U43 + U23
2I
(
Ω
square
)
. (3.4)
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where F and Q are the symmetry and correction factors respectively. Q is defined as
Q =

U43
U23
for U23 ≤ U43,
U23
U43
for U43 ≤ U23.
F is a function of Q given by
F = 1− 0.34657
(
Q− 1
Q+ 1
)2
− 0.09236
(
Q− 1
Q+ 1
)4
.
I
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1 4
2 3
1 4
2 3
U
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Abbildung 3.7: Circuit diagram for resistivity measurement principle according to the van der
Pauw method (van der Pauw, 1958).
The resistivity, ρ is computed from
ρ = Rs · t,
where t is the film thickness.
The setup allows to monitor the sheet resistance upon annealing in an argon ambient.
The sample temperature was measured by a NiCr-Ni thermocouple.
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Activation Energies
The knowledge of the activation energy can help in getting a deep insight in the phase
transformation process. Although the kinetics of crystallisation depend on a variety of
parameters, the crystallisation temperature, Tc and the activation energy, Ea can be used
to characterise the stability of a glass forming system against crystallisation. It has to
be mentioned here that the measured activation energy describes the transition of the as
deposited amorphous phase into a crystalline one. However, in phase-change re-writable
disks the amorphous region is actually formed from the under cooled liquid. Hence, the
activation barriers do not have to be the same by definition. The mode in which re-
crystallisation occurs is thereby determined by the activation barriers for nucleation and
crystallisation in particular. However, in general Tc and Ea of a phase-change material
can be used as a first indication of its archival life stability.
Here, we discuss the procedure and analysis employed in this work to determine the
activation energy of crystallisation. The activation energy, Ea was determined from the
variation of the crystallisation temperature (Tc) with heating rate, β = dT/dt, by em-
ploying Kissinger analysis (Kissinger, 1957; Starink, 1997). The analysis assumes that the
transformation rate (dx/dt) is a product of two functions, one depending purely on the
temperature, T, and the other on the transformed fraction, x.
dx
dt
= k(T ) · f(x). (3.5)
For a thermally activated process
k(T ) = k0 · exp(−Ea/kBT ) (3.6)
where k0 is a pre-exponential factor, Ea is the effective activation energy of the process,
and kB is Boltzman’s constant. Equation (3.5) is solved by separating the variables and
integrating, which gives∫ xc
0
dx
f(x)
=
k0
β
∫ Tc
0
exp(−Ea/kbT )dT = k0Ea
βkB
∫ ∞
yc
exp(−y)
y2
dy. (3.7)
where the following substitutions have been made:
1. y = Ea/kBT and yc = Ea/kBTc. Tc is the temperature at which a fixed fraction, xc
has been transformed and β =dT/dt is the heating rate.
2. yc  1, otherwise the amorphous phase will not be stable, the term
∫∞
yc
exp(−y)
y2
dy in
equation (3.7) is assumed to be exp(−yc)
y2c
.
By taking the logarithm of equation (3.7) and using the above assumption one obtains
ln
∫ xc
0
dx
f(x)
= ln
k0Ea
kB
+ ln
1
βy2c
− yc. (3.8)
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For a constant transformed fraction, x, this leads to
ln
β
T 2c
= − Ea
kBTc
+ C. (3.9)
where C depends on the transformation stage and the kinetic model. A plot of ln(β/T 2c )
against 1/Tc yields a straight line of slope (−Ea/kB). To be mathematically correct some
quantities have to be inserted in equation (3.9) with dimensions such that the arguments
of the logarithms will be dimensionless.
3.4.2 X-ray analysis
From the interaction of x-rays with thin films we can obtain information about the film
thickness, density and structure. The change in density and structure play an important
role in phase-change materials. The density change introduces stresses, which may decrease
the number of read-write cycles. In the case of similar local structures for the amorphous
and crystalline phase, we expect fast crystallisation. Hence, x-ray reflection (XRR ) is
used to measure film thickness and density, x-ray diffraction (XRD) is used to study
structure, respectively. Hence, these techniques give insight into the structural changes
due to crystallisation and might help us to understand the crystallisation process and are
therefore discussed here.
X-ray scattering
To extract structural information the structure under investigation has to be probed
with waves having wavelengths comparable to the structural typical lengths. Since these
distances are often of the order of 0.2 − 0.3 nm, X-ray radiation is used for structural
analysis. Figure 3.8 shows the constructive interference from two parallel beams diffracted
elastically by parallel crystal planes with distance dhkl. Depending on the Bragg equation
reflexes can be expected at the Bragg angle θB
2dhkl sin θB = λ, (3.10)
where λ is the wavelength of the x-ray beam. For a primitive lattice Bragg peaks will be
observed for every possible value of dhkl. This is no longer true if a non-primitive unit-cell is
chosen. Depending on the structure and associated space group and symmetry operations
certain peaks will show up or not. Based on the diffraction pattern the structure of the
material under investigation can then be determined.
To describe the peak distribution more precisely we have to take a look at the intensity
I as a function of the incident angle θ, which is proportional to the square root of the
structure factor Fhkl (Cullity, 1978):
I ∝| Fhkl |2
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Abbildung 3.8: Schematic representation of Bragg diffraction at crystal planes with inner planar
spacing dhkl.
The X-rays are mainly scattered at the core electrons whose spatial distribution is descri-
bed by the atomic form factor f . The structure factor Fhkl is then given by summing up
all of the N atomic form factors fN in the unit cell:
Fhkl =
∑
N
fN · exp (iφN) .
The position of the single atom in the unit cell is represented by the phase shift φN ,
which depends upon the X-ray energy and scattering angle. The structure factor Fhkl
gives information about
• crystal structure,
• crystal symmetries,
• the atomic distribution in the unit cell
which are described in more detail in the literature (Kleber and Bautsch, 1990; Klug and Alexander,
1974).
The measurements have been carried out with the Siemens diffractometer D500 and
the Philips X’pert MRD system. Both diffractometers employ the Cu Kα radiation. The
Philips X’pert MRD system is also equipped with the possibility of selecting between point
and line focus mode. While the latter is suitable for structure analysis and reflectometry
measurements, point focus is employed for texture and stress determination. More details
about the diffractometers can be found in (Njoroge, 2001; Weis, 2002). To analyse thin
films the samples were measured in θ/2θ-scan mode or in 2θ-scan mode, which is for small
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Abbildung 3.9: Schematic representation of (a) Bragg-Brentano-geometry, as well as (b) grazing
incidence.
incidence angles also known as the grazing incidence mode. The symmetric θ/2θ-scan
mode is depicted in figure 3.9(a): it is evident from the figure that the X-ray source, sample
and detector are all on the focusing circle. The sample is rotated against the primary beam
at a constant angular speed, whereas the detector moves about the specimen at twice the
speed. Hence, the diffraction angle 2θ is always twice the incident angle θ. In the grazing
angle geometry, depicted in figure 3.9(b), the sample is fixed at a glancing angle (i.e.
0.3−3◦) and a detector scan performed. In this geometry, the Bragg reflection from planes
parallel to the sample surface is absent. Bragg reflections occur from other sets of planes.
The antimony will, as we see later (see section 4.6), grow with a pronounced texture in
(003) direction. However, the θ−2θ geometry is not very sensitive to reflexes from planes,
which are almost perpendicular to the sample normal. To be able to determine the all
lattice parameters we therefore have to perform grazing incidence scans to also measure
reflexes from planes almost perpendicular to the sample normal.
By determining the angular positions of the diffraction pattern the resulting Bravais lat-
tice can be identified. The angular positions have been assigned to the appropriate Miller
indices. Using the Bragg equation (3.10) the lattice parameters can be determined after-
wards. For more sophisticated patterns databases like JCPDS (Ibers and Hamilton, 1974)
can be used to determine the structure. From the relative peak intensities information
about the point group and atomic positions in the unit cell can be obtained.
By comparing the relative peak intensities with data for powder samples, information is
obtained about the preferred orientation of certain lattice planes. This effect is also called
texture and will be discussed in the next section. For samples without texture the peak
intensity distribution can be used to obtain insight how the elements are distributed in
the unit cell. However, this works very well only for elements whose atomic masses differ
considerably since the atomic from factor fN is proportional to the number of electrons
Z. This means that for GeSbTe compounds it will be hard to differentiate between the
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antimony and tellurium contributions. The XRD pattern can further be influenced by
finite size effects and micro-strain, which both lead to peak broadening. These effects will
therefore be discussed briefly in section 3.4.2
Texture In order to check if the growth under an azimuthal angle of 45◦ leads to struc-
tural changes like a change in preferred grain orientation, the grain distribution will be
studied (see section 4.6). A quick way of obtaining information about the grain distributi-
on from an ordinary XRD scan, is by comparing the observed peak intensities with powder
samples. However, for a complete description of the preferred orientation pole figure mea-
surements are necessary. It shows the grain orientation distribution for a selected Bragg
reflex and is measured by tilting and rotating the sample while monitoring the diffracted
intensity for a selected Bragg reflection. The resulting plots are known as stereo-graphic
projections.
Figure 3.10 shows the expected peak lines from a normal XRD scan and the pole figure
of different types of films. he XRD pattern of a polycrystalline sample shows all the
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(a) Poly crystalline: the XRD pattern shows all the expected Bragg lines and the relative intensities
are similar to the calculated intensities of a powder sample. The pole figure shows a broad peak
due to the random orientation of the crystallites.
Abbildung 3.10: Schematic representation of the real space and the reciprocal space of different
types of films. Figure (a) shows a polycrystalline film, a schematic representation of a θ − 2θ
scan and stereo-graphic projection where the crystallites are randomly oriented. Fiber texture is
shown in figure (b) and sheet texture in figure (c), respectively. Figure (d) finally shows a single
crystal where a specific set of hkl planes are parallel to the crystal surface.
expected peaks and their relative intensities usually resemble those of a powder sample
(see figure 3.10(a)). Materials with preferred orientations can either be said to possess
fiber or sheet texture. Materials having fiber texture have rotational symmetry about an
axis in the sense that all crystal orientations about this axis are equally probable (see
figure 3.10(b)). In sheet texture the grains are oriented with a certain crystallographic
plane hkl roughly parallel to the sample surface, and in a certain direction [uvw] in the
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(b) Fiber texture: in the fiber texture, all the crystallites have a specific set of hkl planes roughly
parallel to the film surface but with different orientations on the film surface. The XRD scan
shows only the lines from different orders of hkl planes. The corresponding pole figure shows
a strong peak at the centre and a continuous ring at a specific angle of ψ. This ring is due to
the random orientation of the crystallites about the fiber axis.
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(c) Sheet texture: for sheet texture, all the crystallites have a specific set of hkl planes parallel to
the film surface but with different orientations on the film surface. The XRD scan shows only
the lines from different orders of hkl planes. The corresponding pole figure shows a strong peak
at the centre and distinct peaks depending on the symmetry of the unit cell.
plane (see figure 3.10(b)). An ideal example is a single crystal wafer. From a normal XRD
scan one cannot distinguish between the two types of textures (see figure 3.10(d)). The
observed patterns have strong peaks, which can be identified with the same hkl planes
for different orders. Pole figure measurements will provide more information about the
type of texture present. For fiber texture, a possibility exists of observing an extra ring
in addition to the main peak as shown in figure 3.10(b) due to the rotational symmetry
about the fiber axis while for the sheet texture distinct peaks can be observed depending
on the symmetry of the unit cell as also shown in figure 3.10.
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(d) Single crystal: the XRD scan shows the same pattern as for the fiber texture but the pole
figure shows no ring as in the case of the fiber texture. In addition to the strong peak observed
at the centre, it is possible to observe other sharp peaks due to the symmetry of the unit cell.
Peak broadening and peak shifts In this section we want to discuss effects, which can
influence the peak width and position. Until now, we have assumed that the coherence
length of the X-ray was smaller then the typical crystal size. However, in case of small
grains the X-rays interfere only partially destructive and/or constructive. This gives rise
to peak broadening and the full width at half maximum (FWHM ) for a peak at angle θ
is given using the Scherrer equation:
FWHM =
0.89λ
Lhkl cos θ
, (3.11)
where Lhkl is the grain size. In the case of single crystal thin films Lhkl is the film thickness.
In the case of textured growth, the grain size is usually equal to or smaller than the film
thickness.
An effect, which leads to peak shift is the presence of stress in the film. Due to diffe-
rent properties like structure, thermal expansion coefficients of substrate and film, these
stresses may appear. The presence of stress will strain the lattice. The component of the
strain tensor in the direction of the diffraction vector (hkl) is thus given by
ε =
dhkl − d0
d0
, (3.12)
where d0 is the inter-planar spacing of the unstrained lattice. A change in the inter-planar
spacing leads to a change in the Bragg angle according to the Bragg equation (3.10).
Hence, taking into account the Bragg equation (3.10) the equation above can be written
as
ε =
δd
d0
= −cotθ dθ, (3.13)
which can be interpreted as a global shift of peaks. The corresponding in-plane stress
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component σ11 is given by
σ11 =
Eε11
1− ν or σ11 =
Eε33
2ν
, (3.14)
where ε11, ε33, ν, E are the in-plane strain, out-of-plane strain, Poisson’s ratio and elastic
modulus, respectively.
Another method to determine stress, is to measure the sample curvature as described
in 3.4.3. Besides macro stress, samples can also contain microscopic stresses, varying from
crystallite to crystallite or within a crystallite. Microscopic stresses cause broadening of
diffraction lines and can therefore be determined by analysing the peak profile. The full
width at half-maximum can be calculated by incorporating the non uniformity of the
strain and subsequently differentiating the Bragg equation (3.10):
FWHM = 4ε tan θ. (3.15)
Since both effects are common in thin films it has to be noted that these peak broadening
effects cannot be decoupled easily. In section 4.6, θ−2θ-XRD scans of thin antimony films
will be discussed. In these films, we will see that the texture in (003) is so pronounced
such that overtones of the (003) peak can be observed. The overtones are then used to
decouple finite size effects and micro-strain for these films.
X-ray reflection
From X-ray reflection we can in general obtain the film density, film thickness and the
surface roughness. In the case of multi-layer samples with smooth interfaces it is even
possible to the determine the individual layer thicknesses of single layers. To understand
how each property can be derived from the measurement we have to take a closer look at
the theory of X-ray reflectometry.
From basic optics, it is known that the reflection of an electromagnetic plane wave under
an angle of θi with a perfectly smooth interface of two different materials with refractive
indices of n1 and n2, respectively (illustrated in figure 3.11), obeys Snell’s law given as:
n1cos(θi) = n2cos(θr) (3.16)
If the beam is moving from an optically less dense medium to a more dense medium
(n2 > n1) the refraction angle (θr) is real for all incident angles (θi). However, if the beam
is moving from an optically dense medium to a less dense medium (n2 < n1), θr is real
only for cos(θr) ≤ n2/n1. Therefore, a critical angle (θi = θc) for total reflection can be
defined when θr = 0. Considering an interface between air (n1 = 1) and an arbitrary
material (n2 = n) and applying Snell’s equation we get:
cos(θc) = n (3.17)
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Abbildung 3.11: XRR geometry for a thin film on a substrate. Reflection occurs at both interfaces.
The refractive index of a medium for X-rays can be calculated from (Grosse, 1991)
n = 1− ne
2pi
r0λ
2 (3.18)
where ne is the electron density, r0 = e2/4piε0mc2 = 2.818×10−15 m is the classical electron
radius and λ is the wavelength of the electromagnetic wave. Equation (3.18) shows that
for a monochromatic beam, the refractive index n depends only on the electron density of
the medium. The electron density can be replaced by nAtom · f˜ where nAtom and f˜ are the
number of atoms per unit volume and the complex atom form factor respectively. nAtom
can be computed from
nAtom = NAΣj
ρj
Aj
(3.19)
where NA, ρj and Aj are the Avogadro’s constant, the partial mass density and the atomic
mass of the jth element respectively. In the hard x-ray range, the index of refraction, n,
is a complex quantity given by (Lengeler and Hüppauff, 1993)
n = 1− δ − iβ (3.20)
where
δ =
NA
2pi
r0λ
2Σjρj
f0,j + f
′
j
Aj
(3.21)
and
β =
NA
2pi
r0λ
2Σj
ρj
Aj
f
′′
j . (3.22)
δ and β represent dispersion and absorption, while f˜j = f0,j + f ′j + if ′′j is the atomic
form factor. δ and β are positive quantities of the order of 10−5 and 10−7 in magnitude,
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respectively. f’ and f” are referred as the real and imaginary part of the anomalous absorp-
tion respectively, and have been tabulated as a function of the x-ray wavelength for most
atoms (Cromer and Liberman, 1970; Ibers and Hamilton, 1974). The linear absorption
coefficient µ is related to the absorption β through
µ =
4pi
λ
β
Substituting n into equation. (3.17) we get
cos(θc) = 1− δ − iβ (3.23)
Since θc is very small, the cos(θc) term can be expanded up to the second term, which
gives cos(θc) ≈ 1− 12θ2c . Using equation (3.20) and equation (3.17) and assuming negligible
absorption, we obtain
1
2
θ2c =
NA
2pi
r0λ
2Σjρj
f0,j + f
′
j
Aj
which reduces to
θc = λ
√
NAr0
pi
ρ
A
(f0 + f ′) (3.24)
for elemental materials. In the hard x-ray range, θc is below 0.5◦ and depends on the
density of the material. Hence from the critical angle one can deduce the density of the
material.
The reflectivity of x-rays from a smooth and flat surface is given by the Fresnel reflec-
tivity Rf (Stanglmeier et al., 1992)
Rf = |r|2 =
∣∣∣∣θi − θrθi + θr
∣∣∣∣2
This expression holds for s-polarised as well for p-polarised x-rays and for values of theta
near θc, so that sin(θ) ≈ tan(θ) ≈ θ. For θ > θc, the reflectivity reduces to simple
asymptotic form
R = r2 ≈
{
2θ
θc
}−4
=
{
2Kc
K
}4
,
where K is the scattering vector and Kc the critical scattering vector. Hence, the reflec-
tivity for an ideal surface is a very strong function of the scattering vector K above the
critical scattering vector. This leads to a strong decrease in reflectivity for all angles θ,
which are larger then the critical angle θc.
So far, we have considered reflection from only one interface between vacuum and a
surface. We now consider reflection for a film on a substrate as shown in fig. 3.12. The
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reflected waves from the top and the bottom interfaces give rise to interference fringes as
observed in fig. 3.12. The positions of the extrema are given by
θ2m = 2δ + (m+ k)
2 λ
2
4t2
(3.25)
where m and k are integers. m represents the order of the extremum. In the case that the
density of the substrate ρsubstrate is less than the density of the film ρfilm, k equals 0 for the
minima and 1/2 for the maxima, respectively. In the case that the density of the substrate
ρsubstrate is larger the density of the film ρfilm, k equals 1/2 for the minima and 0 for the
maxima respectively. Thus, the thickness of the film can be deduced from the period of
the oscillations ∆θ = 2pin/t (where n is the index of refraction of the film). The range of
thickness that can be analysed depends on the range of scattering vectors measured and
the angular resolution. Typically films from 2-250 nm thickness can be readily measured.
The amplitude of the fringes is proportional to the density difference between the film and
the substrate. The intensity of the interference maxima will be reduced with increasing
reflection angle for rough samples.
In figure 3.12 a typical XRR spectrum is shown. In general, three regions can be
identified:
I For angles θi less then the critical angle θc there is total reflection.
II Starting at the critical angle electromagnetic waves can enter the film.
III If the path length of the X-rays is large enough, interference fringes appear. The decay
of the curve is further related to the roughness of the interfaces.
In the case of multi-layer stacks the XRR pattern can get very complex due to the super-
position of several total reflection edges and interference fringes due to the different materi-
als used. The measurements were performed in θ/2θ-mode in an angular range of 0◦ < θ <
4◦ (see 3.9(a)(a)) analysed by the simulation program Refsim (S. Grassl, D. Fuchs et. al.,
1992-1995).
3.4.3 Mechanical stresses
The density change upon crystallisation gives rise to stresses in thin films. These stresses
may affect the cyclability of re-writable optical data-storage disks. In this work, a wafer
curvature measurement setup was employed to compare the stress relaxation mechanism
of thermally evaporated and sputtered phase-change materials (Pedersen, 2003). As the
case may be there will be compressive or tensile stress in the film, which gives rise to a
curved surface. Hence, a laser beam scans the sample and measures the sample curvature.
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Abbildung 3.12: Typical XRR pattern of a thin film on a substrate. Three regions can be identified
in this spectrum: in region I there is total reflection. In region II the critical angle from which
the film density can be obtained can be distinguished and from region III the film thickness and
surface roughness can be determined.
For a thin film on a thick substrates, the stresses in the thin film correlate with the
curvature, which is represented by the Stoney equation:
σ =
1
Ri
· Esd
2
s
(1− νs) · df , (3.26)
where Ri is the radius of curvature, Es the elastic modulus of the substrate and νs the
Poisson ratio of the substrate. df and ds are the thicknesses of film and substrate, respec-
tively. Figure 3.13 shows a schematic representation of the setup. The HeNe laser (1.)
is focused on a mirror (2.). The reflected light is then forwarded to a scanner (3.), which
enables the scanning of the sample. A beam splitter (4.) is used to reflect part of the beam
towards a plane convex lens (5.). A mirror (6.) directs the beam into a vacuum chamber
(7) in which a furnace is built, which enables to monitor the change in stress upon cry-
stallisation. The light reflected by the sample under investigation is then reflected by the
mirror (6) again and transmitted by the beam splitter (4.) towards a cylinder lens (8.),
which focuses the light onto a line detector (9.). In the case of a curved sample the angles
of the incident and reflected light are not identical. Hence, in the case of a curved sample
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Abbildung 3.13: A schematic representation of the curvature measurement setup. The HeNe laser
(1.) is focused on a mirror (2.). The reflected light is then forwarded to a scanner (3.), which
enables the scanning of the sample. A beam splitter (4.) is used to reflect part of the beam
towards a plane convex lens (5.). A mirror (6) addresses the beam into a vacuum chamber (7) in
which a furnace is built to monitor the change in stress upon crystallisation. The light reflected
by the sample under investigation is then reflected by the mirror (6) again and transmitted by
the beam splitter (4.) towards a cylinder lens (8.), which focuses the light onto a line detector
(9.).
the reflected beam will have a parallel off-set. If we now scan the beam across the sample,
the spot on the detector will shift, which can now be used to measure the curvature. More
details about the curvature measurement can be found in Pedersen (2003).
3.4.4 Optical Spectroscopy
Suitable materials for re-writable optical data-storage disks require an optical contrast in
reflectivity between the amorphous and crystalline state at the recording wavelength. The-
refore optical spectroscopy is used to determine the optical constants. Besides the optical
contrast, also properties like film thickness and optical band gap can be obtained from
the optical constants. These can even be utilised to tailor the layer stack, which embeds
the active layer such that the energy absorbed by the active layer is optimised and crystal-
lisation is facilitated. it may even help to increase contrast. Hence, optical spectroscopy
plays an important role in searching for newer and faster phase-change materials.
The optical constants can be determined by intensity spectroscopy and ellipsometry.
In the case of intensity spectroscopy the reflected and/or the transmitted intensity are
measured. In the case of ellipsometry the change in polarisation due to the interaction
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of the electromagnetic waves with matter is measured. However, none of the methods
mentioned above directly measures the optical constants of one or more films in a layer
stack. To solve this problem the following approach is chosen. The dielectric functions
are compiled using simple models, which describe physical processes like for example a
inter-band transitions or free carriers. Then a layer stack is defined to describe the sam-
ple. Now, we can simulate the spectra and compare these with the measured spectra. The
model and layer stack parameters are adjusted to fit the measured data. The parameters
obtained describe the physical and geometrical properties of the sample. Hence, the phy-
sical processes, which play a role in the films have to be determined and described by
simple dielectric functions (see section 3.4.4). Then, we will describe how electromagnetic
waves propagate through the layer stack (see section 3.4.4). Finally, the simulation of the
spectra is described in section 3.4.4.
When electromagnetic radiation interacts with matter part of the energy is absorbed.
Typical absorption processes are depicted in figure 3.14. Hence, in the experimental
free electrons
(intraband transitions)
orientational
polarisation
vibrational
modes (phonons)
valence electrons
(interband transitions)
core
electrons
MW FIR MIR NIR VIS UV X
Energy
α
Abbildung 3.14: Typical absorptions α(ν) in solids (Stenzel, 1996). In the infrared (MW-NIR),
the electromagnetic waves mainly interact with vibrational modes having relative low energies
like phonons and molecule vibrations. The interaction with free carriers can reach into the visible
range (MW-VIS). However, the visible range is mainly dominated by interactions with inter-band
transitions (VIS-UV). At higher energies the electromagnetic waves are able to interact with core
electrons (X).
accessible range (MIR-UV) there are mainly contributions by free carriers, inter-band
transitions and phonons to be expected. In the next sections we will introduce some
models, which describe these interactions.
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Modelling the interactions
The electric Field ~E(ω) of the incoming electromagnetic wave induces dipole moments
or aligns the dipoles permanently resulting in a macroscopic polarisation ~P (ω). In linear
approximation we can express the polarisation ~P (ω) in the form:
~P (ω) = ε0χ˜ ~E(ω). (3.27)
χ˜ is the dielectric susceptibility, which is the Fourier transform of the temporal response
function, which describes the polarisation of the material due to a pulsed excitation with
field strength ~E. ε0 is the dielectric constant and its value is 8.854188 · 10−12As/V m. χ˜
is a second order tensor in general. But in case of homogeneous isotropic materials we
can assume that the susceptibility is a scalar χ, which in principle is a function of the
frequency ω. Comparing equation (3.27) with the definition of the dielectric Displacement
~D:
~D = ε0 ~E + ~P = ε0ε(ω) ~E, (3.28)
results in the dielectric function ε(ω) of the form:
ε(ω) = 1 + χ(ω) , , (3.29)
which is in general a complex function:
ε(ω) = ε′(ω) + iε′′(ω).
In the case of independent interactions the total susceptibility is the sum of all individual
susceptibilities as shown below:
χ =
∑
i
χi.
The general approach is to model each individual susceptibility and sum the ingredients
up to obtain the dielectric function.
Phonons, harmonic oscillator Phonons (lattice vibrations) and molecular vibrations
typically have their resonance frequencies in the infrared. One of the vibrations of the
H2O-molecule is at 3652 cm−1 (Ibach and Lüth, 1995). The susceptibility is described by
the harmonic oscillator model (Stenzel, 1996). In this model the resonance frequency is
determined by the mass and the restoring force:
χHarm =
Ω2P
Ω2R − ν˜2 − iν˜Ωτ
, (3.30)
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Ω2P gives the oscillator strength, Ωτ the damping and ΩR the resonance frequency. ν˜ is
the frequency in wavenumbers. This model is typically used to describe lattice vibrations
in crystals and a characteristic example is shown in figure 3.15.
In disordered systems the resonance frequency is not well-defined anymore. Hence, to ap-
ply the model to disordered systems the harmonic oscillator is refined by the introduction
of a Gauss-distribution of the resonance frequency (Brendel, 1990):
χ(ν˜) =
1√
2piσ
∞∫
−∞
exp
(
−(x− Ω0)
2
2σ2
)
· Ω
2
P
x2 − ν˜2 − iν˜Ωτ dx , (3.31)
where Ω0 is the mean value of the resonance frequency and σ the width of the Gauss-
distribution. This model is also known as the Brendel oscillator citepbrendel. Figure 3.15
also compares a Brendel oscillator with a harmonic oscillator. Due to the Gauss-distribution
of the resonance frequency the imaginary part is broadened. The Brendel oscillator can
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Abbildung 3.15: Comparing a harmonic oscillator with a Brendel oscillator. Parameter: resonance
frequency: 30000 1/cm, strength: 15000 cm−1and damping:1500 cm−1. The Brendel oscillator
has an additional Gauss-distribution of 2000 cm−1. The solid lines represent the real part and
the dashed lines the imaginary parts.
furthermore be used to model an inter-band transition. However, this leaves out any phy-
sical information like the band gap in this heuristic approach. Some more sophisticated
models are needed and will be presented in the next section.
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Inter-band transitions If the energy of the electromagnetic field is high enough tran-
sitions between different electronic bands can occur (see figure 3.16). These types of
transitions are called inter-band transitions and describe the excitation of electrons from
occupied levels into unoccupied levels. Based upon Fermi’s golden rule (Ashcroft, 1963)
E
k0
E2(k)
E1(k)
(d)(d)
(i) (i)
Abbildung 3.16: Schematic representation of a direct (d) and indirect (i) transition in an electronic
band E(k). E1(k) is an occupied band and E2(k) is unoccupied.
the imaginary part of the dielectric function ε′′(ω) can be written as
ε′′(ω) =
pi
ε0
e2
m2ω2
1
(2pi)3
∑
ij
∫
~ω=Ej−Ei
∣∣∣〈i,~k |~p| j,~k〉∣∣∣2
× dfω∣∣∣grad~k [Ej(~k)− Ei(~k)]∣∣∣ .
(3.32)
where ~p is the impulse operator. The integration is performed over the area dfω in recipro-
cal space where the energy difference between the participating states equals the energy of
the irradiating electromagnetic waves ~ω (Ibach and Lüth, 1995). Hence, the imaginary
part of the dielectric function is the product between the matrix element
∣∣∣〈i,~k |~p| j,~k〉∣∣∣2
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and a combined density of states Zij:
Zij(~ω) =
1
(2pi)3
∫
~ω=Ej−Ei
dfω∣∣∣grad~k [Ej(~k)− Ei(~k)]∣∣∣ . (3.33)
The matrix element describes the transfer probability from a state i into an empty state j.
The density of states for these transitions is high in the case of flat and parallel bands (see
fig. 3.16). These critical points are called Van Hove-singularities and give rise to prominent
features in the dielectric function. The real part of the dielectric function ε′(ω) is then
calculated using the Kramers-Kronig-relations (Stenzel, 1996).
Based upon equation (3.32) there are several theories to simulate inter-band transitions,
which all have in common that an assumption for the imaginary part of the dielectric
function is made. To simulate the optical data measured in this work mainly two models
were used, which are presented in the next block.
The OJL model for inter-band transitions (O’Leary et al., 1997) assumes expressions
for the joint density of states, which are based on the optical transition from the valence
band to the conduction band. For the latter it assumes parabolic energy bands. To in-
corporate tail states additional exponential functions are assumed in the band gap (see
figure 3.17). The parameters of the OJL inter-band transition model are the gap ener-
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Abbildung 3.17: The OJL model assumes parabolic behaviour for the valence and conductance
bands. The tail states are represented by decaying exponentials.
gy E0, the damping constant of the valence band γV , the ratio γV /γC and the overall
strengths of the transition expressed by a pre-factor called massm. A decay parameter
D is introduced to ensure that the imaginary part goes to zero for high frequencies and
thus the Kramers-Kronig relation can be used to determine the real part of the dielec-
tric function. A graphical representation is given in figure 3.18. The parameters roughly
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describe those, which were used to describe the inter-band transition of the as deposited
germanium (see section 5.1) for details. The parameters are listed in table 3.2(a).
Another suggestion for an inter-band transition model was given by Jellison (1998).
This model is called the Tauc-Lorentz model and assumes the following expression for the
imaginary part of the susceptibility:
χ′′ (ω) =
1
ω
S2ω0ωτ (ω − ωGap)2
(ω2 − ω20)2 + ω2ω2τ
·Θ(ω − ωGap) , (3.34)
where S is the strength, ωτ the damping, ω0 the resonance frequency and ωGap the gap,
which is represented by the step function Θ. Hence, the Tauc-Lorentz model is mainly
used to describe inter-band transitions in crystalline materials. A graphical representation
is given in figure 3.18. The parameters are chosen such that the resulting susceptibility
can be compared to the OJL model as described above.
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Abbildung 3.18: Graphical representation of a dielectric function based on based on the OJL-
model a dielectric function based on the Tauc-Lorentz model. The real part is represented by the
black curves and the imaginary part by the red curves, respectively.
Figure 3.18 clearly shows the difference between both models. For energies less then
0.4 eV , the imaginary part of the Tauc-Lorentz model already vanishes, whereas, the
OJL-model still shows some interaction, due to the presence of the tail states (see inset
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figure 3.18). The different approaches to model the inter-band transition is clearly seen
from the differences between both curves.
mass 2.0
EGap 0.37 eV
γV 0.19 eV
γC/γV 0.3
D 25000
(a) OJL model para-
meters
ω0 3 eV
S 600
ωτ 2.7 eV
EGap 0.37 eV
(b) Tauc-Lorentz
model parame-
ters
Tabelle 3.2: Parameters used to simulate the (a) OJL and (b) Tauc-Lorentz model in figure 3.18.
The Drude model, the susceptibility of free carriers The FIR-MIR (VIS-UV) dielec-
tric function of doped semi-conductors and metals is dominated by the interaction with
free carriers and thus the Drude model (Drude, 1900a,b) is used to describe the suscepti-
bility (3.35):
χDrude = − Ω
2
P
ν˜2 + iν˜Ωτ
where Ω2P =
ne2
ε0m∗
, (3.35)
where Ωp is the plasma resonance and Ωτ the damping. The resonance frequency Ωp can be
calculated using the free carrier concentration n, the elementary charge e and the effective
mass m∗ of the free carriers. An example of the Drude model is depicted in figure 3.19.
From the Drude parameters the electrical resistivity ρ can be obtained
ρ =
Ωτ
ε0Ω2p
[Ωm] , (3.36)
which can then be compared with the values measured with the 4 point probe setup (see
section 3.4.1).
Wave propagation through layer stacks
Now, we have described how material interacts with electromagnetic waves. But to simu-
late the measured reflection or transmission spectra we need to know how the electro-
magnetic wave propagates through the layer stack and how it interacts with the specific
layers. Before we calculate multiple layers we first take a look at a single interface.
If an electromagnetic wave propagating through a medium a with complex refractive
index n˜a reaches an interface with an optically different medium b with complex refractive
index n˜b under an angle ϕ parts of the wave will enter medium b and parts of the wave
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Abbildung 3.19: Example of the Drude susceptibility. The plasma frequency was chosen to
Ωp = 120000 cm−1 and the damping to Ωτ = 3000 cm−1, respectively.
will be reflected by the interface (s. figure. 3.20). The complex refractive index n˜ can be
obtained from the dielectric function by equation (3.37).
n˜ = n+ iκ =
√
ε(ω) (3.37)
The partial reflection coefficient ρa,b is defined as the fraction of the amplitude of the
reflected wave divided by the amplitude of the irradiating wave. The partial transmission
coefficient τa,b is calculated in an analogous manner. Both coefficients ρa,b and τa,b depend
on the polarisation (perpendicular (s) or parallel (p) to the plane of incidence), the refrac-
tive indices n˜a and n˜b and the angle of incidence ϕ. Based on the continuity conditions at
the interface the Fresnel equations (Stenzel, 1996) can be written as:
p-Pol.: ρa,b =
n˜b cosϕ− n˜a cosψ
n˜b cosϕ+ n˜a cosψ
τa,b =
2n˜a cosϕ
n˜b cosϕ+ n˜a cosψ
(3.38a)
s-Pol.: ρa,b =
n˜a cosϕ− n˜b cosψ
n˜a cosϕ+ n˜b cosψ
τa,b =
2n˜a cosϕ
n˜a cosϕ+ n˜b cosψ
, (3.38b)
where ψ is obtained by solving
sinψ =
nb
na
sinϕ.
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Assuming that the dielectric functions and layer thicknesses involved are known, the
reflection and transmission coefficients for multi-layer systems subsequently can be calcula-
ted based on this recipe (Heinz, 1991). Figure 3.20 shows a simple example of a layer-stack
with two interfaces (which means one layer sandwiched by two half spaces). In the sums
d
ba,
τ
ab,
τ
φ
a
b
c ...++
ab,cb,ba,
φτφρφρτ
ab,
τφ
ba,
τ
ab,
cb,
ρ
ab,
ρ
...+++
ab,cb,ba,ab,
φτφρφτφτφρ
ba,
τ
ba,
ρ
ab,cb,
ρ
Abbildung 3.20: The ρ − τ formalism for a single layer. Additional terms from contributions of
multiple reflections and transmissions have to be taken into account to determine ρa,b and τa,b.
in figure. 3.20 the terms marked in boxes appear repeatedly and can be summed up in a
geometric series. The amplitude reflection coefficient can then be written as
ra,b = ρa,b +
τa,bφρb,cφτb,a
1− ρb,cφρb,aφ , (3.39a)
and the amplitude transmission coefficient as
ta,b =
τa,bφτb,c
1− ρb,cφρb,aφ . (3.39b)
where φ the phase shift of the electromagnetic wave is calculated by
φ = exp
(
2iωd
√
n2b − sin2 ϕ
)
, (3.39c)
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where ω is the frequency of the electromagnetic wave.
More complex layer stacks can then be calculated by starting at the backside interface
followed by successive repetion of the recipe at each interface and layer. In the case of n
layers n iteration steps are needed to calculate the amplitude reflection and the amplitude
transmission coefficient of the whole layer stack.
Simulating optical spectra
Based on the amplitude reflection and transmission coefficients we can now calculate the
reflectivity, transmission or even ellipsometry spectra for the layer stack. The reflectivity
R is defined as the total reflected intensity IR divided by the irradiated intensity I and the
transmitivity T as the total transmitted intensity IT divided by the irradiated intensity
IT , respectively:
R =
IR
I
and T =
IT
I
.
Without scattering the energy conservation law yields:
R + T + A = 1, (3.40)
where A represents the energy absorbed by the layer-stack caused by the interaction of
matter with light.
For electromagnetic radiation the intensity is defined by (Gerthsen et al., 1989)
I =
1
2
cε0
∣∣∣ε(ω) ~E2∣∣∣ .
The reflectance R and transmittance T for a layer-stack sandwiched by two half spaces
with refractive indices n˜1 and n˜2, respectively can be written as:
Rp,s = |rp,s|2 and Tp,s =
∣∣∣∣ n˜2n˜1 τp,s
∣∣∣∣2 , (3.41)
where the polarisation of the light has be taken into account.
To simulate ellipsometry spectra we have to determine how the polarisation Pf of the
detected light is changed by the interaction with the layer-stack with respect to the initial
polarisation Pi (see figure 3.21). The change in polarisation is determined by the fraction
of the amplitude reflection coefficients of the p- and s-polarised light rp
rs
. This value is in
general a complex number and can therefore be written as:
rp
rs
= tanψ · ei∆, (3.42)
where ∆ represents the rotation of the polarisation and ψ represents the change in am-
plitude. The fact that the initial and final polarisation vectors span up an ellipsoid is the
reason that the method of measurement is called ellipsometry.
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E
Abbildung 3.21: The initial polarisation Pi changes due to the interaction with the layer-stack to
the final polarisation Pf .
With the equations (3.41) and (3.42) it is now possible to simulate reflectance, trans-
mittance or ellipsometry spectra.
The optical spectroscopy in this work has been performed with three types of spectro-
meter. The Bruker Fourier spectrometer IFS145 and IFS166 are based on the Michelson
interferometer and hence measure an interferogram, which is Fourier transformed into
a reflection or transmission spectrum, respectively. The IFS145 is capable to access the
spectral range between 500 cm−1and 5000 cm−1in reflection as well as transmission. The
IFS166 is even able to measure the spectral range between 10 cm−1 and 10000 cm−1 in
reflectance and transmission. For the measurements in this work a KBr beam splitter, a
globar light source and a DTGS-detector are used, which reduces the accessible spectral
range to 400-6000 cm−1. To perform transmission measurements, the film has to be deposi-
ted on a double-side polished silicon wafer. The visible range can be measured with either
the Bruker Lambda 25 Spectrometer or the Woollam M − 2000UITM ellipsometer. The
Lambda 25 measures in the spectral range between 9000 cm−1and 50000 cm−1, whereas
the spectroscopic ellipsometer in the spectral range between 5700 cm−1and 45000 cm−1,
respectively. The ellipsometer furthermore has a xy-table, which offers the possibility to
measure laterally resolved. We will use this feature in sections 6.4.2 and 6.5.3 to study
the lateral dependence of optical properties in stoichiometry libraries. We are then able
to laterally resolve properties like film thickness, band gap, reflection, and absorption at
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the recording wavelength. If this is performed for the as deposited and subsequently an-
nealed sample, then the lateral resolution of the film thickness, band gap, and even for
the optical contrast can be realised. Combining this information with the stoichiometry
distribution, we are then able to identify materials having optimal contrast or minimal
thickness changes. The information obtained from the absorption assists the static tester
experiments. We can then transform the irradiated power to the absorbed power, which
helps to compare PTE-diagrams of different compounds.
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In chapter 2 we have learned how we can use basic emission laws to prepare stoichiometry
libraries. Chapter 3 listed the methods and procedures employed to realise the concept of
preparing stoichiometry libraries and analyse the samples. In this chapter we present the
equipment with which these libraries are prepared (sections 4.1, 4.2 and 4.3). In addition,
the software which was developed to support the preparation process is also discussed
(section 4.4). Finally, the thickness gradients needed to prepare the stoichiometry gradi-
ents will be measured and the influence of preparing samples under an angle of 45 degrees
on film structure will be discussed (sections 4.5 and 4.6).
4.1 Thermal evaporation from Knudsen cells
Before we introduce the Knudsen cells, which were used to prepare the samples, it has to
be noted that the word evaporation is not always the correct expression for the preparation
process. The transition of atoms from the solid into the vapour is called sublimation. Only
above the melting point the term evaporation is correct since the atoms move from the
liquid phase into the vapour phase.
Among the many possibilities to thermally evaporate materials the so called Knudsen
cells were chosen. These types are named after M. Knudsen who derived the molecular
flow equation for long cylindrical tubes (Knudsen, 1909, 1911) and basic emission laws can
be used to predict the thickness distribution function for such evaporation sources (Glang,
1970). In the next section a brief description of evaporation sources and especially Knudsen
type sources and the materials used to build such sources are given.
There are several evaporation sources whose distribution patterns follow the basic emis-
sion laws. Flat metal strips or shallow simple boats have repeatedly been found to yield co-
sine law emission (Anastasio and Slattery, 1967; Holland and Steckelmacher, 1952). Even
if the molten evaporant does not wet the filament but forms an approximately spherical
drop, like silver on tungsten, the emission characteristics of the small surface source are
still maintained. As long as these surfaces are within the source plane, no deviations from
the cosine emission law result.
Directional emission patterns, which do not obey the cosine law but favour the substra-
te region opposite to the source were first investigated in conjunction with the effusion
of gases from non ideal orifices. Clausing (1930) derived a distribution equation for effu-
sion from short tubes which is based on cosine-law emission but modified to account for
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the effect of tube walls preventing direct passage of some of the molecules. The resulting
distributions have cusp-shaped maxima in the centre and fall off more rapidly at higher
emission than the straight cosine-law distribution. Due to the many forms of molecular
interaction, which cannot not always be prevented and whose effects on the emission pat-
tern are difficult to assess quantitatively, Clausing’s formula is at best an approximation.
Hence, the curvature and steepness of the profiles cannot be generalised. However, most
filament thermocouple
aperture
reservoir
shellshell
Abbildung 4.1: Sketch of the crucible used for the evaporation sources.
practical sources have perpendicular sidewalls since these are required to hold evaporant
quantities of the order of a few grams. If these protrude from the primary source plane,
they are likely to affect the emission pattern through sorption and surface-diffusion proces-
ses. Typical crucible sources have openings, which are as large as the evaporating surface
and the evaporant pressure inside is below the equilibrium value corresponding to the
source temperature. The combined effects of reemission from side walls, intermolecular
collisions, thermal currents, and non-uniform temperature distribution of different source
parts on the emission pattern are generally not predictable. Hence, an empirical approach
to source design is often necessary and may lead to more uniform distributions.
Successful attempts to achieve large-area coverage are based on the emission patterns
obtained from large-diameter ring sources (Behrndt, 1966; Oberg et al., 1963). One ap-
proach to achieve uniform coverage utilises a rotating shutter in the evaporant beam to
alter the amount of vapour admitted to the substrate (Behrndt, 1963). Evaporations may
be performed from crucibles and the resulting emission patterns are modified by the con-
tour of the shutter. It is essential that the axis of rotation coincides with the centres of the
source and the substrate area. The design of the shutter is determined by the distribution
pattern of the source and the size of the area to be coated. The shutter contours required
for uniform distributions are spirals whose exact outlines for deposition areas of various
diameters have been calculated by Behrndt (1963). He was able to coat substrate areas
of 10 × 10 cm2 uniformly within ± 0.35%.
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In figure 4.1 a sketch of the crucible used is shown. It consists of a core part and a
shell part. A notch on the left side is used to mount the thermocouple. Trenches are
millcut to wind the filament around the core. The shell is used to fix the filament. The
orifice has a diameter of 5 mm and the total length of the crucible is 33 mm. Since the
orifice is small compared with the distance to the sample (100 mm) the emission pattern
will be comparable to that of a point source. The crucible winded with a filament wire
cooling water feedhrough
CF35
spacer
heat sink
thermocouple feedthrough
spacer
shutter feedthrough
crucible
150 mm
cooling water feedthrough
electrical feedtrough
Abbildung 4.2: Engineering drawing of an evaporation source. In the head the crucible wound
with a filament is mounted. A thin foil of Molybdenum is used as a heat shield to thermally
separate the crucible from its direct surrounding and maintain a constant evaporation rate.
is mounted in the head of the evaporation source for which an engineering drawing is
shown in figure 4.2. The source is mounted on a CF35 flange to be compliant with UHV-
systems. Furthermore there are 2 electrical feedthroughs for the filament, two electrical
feedthroughs for the thermocouple and a bellow to handle the shutter is mounted on the
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flange. A molybdenum foil is used as a heat shield to thermally isolate the crucible and
maintain a stable temperature resulting in a constant evaporation rate. The cooling water
pipes connect the flange with the head of the source. The cooling water then acts as a
heat sink. The filament is connected through 1 mm thick copper wires with the electrical
feedthroughs. The thermocouple is connected directly to the appropriate electrical feed-
throughs. The filament is electrically isolated against the thermocouple and ground. In
front of the orifice a shutter can be mounted and can be opened and closed by using a
push and pull mechanism. A bellow is welded to the flange to realise this. The shutter is
connected to the bellow over a bar. Finally a spacer can be used to stabilise the stands
and to keep the cables together.
A picture of an operational evaporation source is shown in figure 4.3. Since the rate
Abbildung 4.3: Picture of fully functional evaporation source. Starting from the left hand side,
one sees the motor, which mechanically opens and closes the shutter. From the motor a cable
is connected to a D9 plug such that the motor can be operated electronically. Furthermore, a
wheel is attached to the motor to operate the shutter manually. The bellow is situated in the
shaft on which the motor is mounted. The bellow is connected to a thread, which can be moved
by the motor. The motor activity is confined to a maximum travelling distance of 15 millimetres.
On the side of the flange the contacts for the power supply and the temperature controller are
mounted to realize a cord grip. Hence the fragile ceramic parts of the electrical feedthroughs are
secured. On the inside of the evaporation source the connections to the filament, thermocouple
and shutter can be seen. The shutter is mounted in front of the shaft, which is used to prevent
contamination of parts of the chamber. The shutter can be opened and closed by a push & pull
motion. A stepper motor is used to computer control this motion.
of evaporation strongly depends on the temperature it is crucial to control the tempe-
rature very precisely. Therefore each evaporation source is equipped with a temperature
controller (Omron Corporation, 1999) and a power supply (B.V., 1999). The controller
senses the crucible temperature and based on this controls the power supply using a DC
signal between 0 and 10 Volts. The controllers can be programmed by software, which
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is described in section 4.4.1. The currents and voltages supplied by the power supply is
also read out by the computer (see section 4.4.4). However, it is not necessary to measure
the evaporant temperature as is illustrated in figure 4.4. Here the temperature inside the
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Abbildung 4.4: The temperature inside a Knudsen cell compared to the measured temperature.
The pressure is measured simultaneously.
Knudsen cell, temperature 2, is plotted as function of the temperature measured with a
thermocouple, temperature 1, mounted as described in figure 4.2. Temperature 2 can be
fitted linearly with the function T2 = 11.2+ 2.2 · T1. Hence, by measuring and controlling
temperature T1, the temperature inside the Knudsen cell is then also controlled.
4.1.1 Material issues
Before the final evaporation source is assembled the vapour pressure as a function of tem-
perature has to be known for the materials of interest. Based on these values it can be
decided, which crucible material and thermocouple are to be used. Figure 4.5 shows the
vapour pressures of germanium, antimony and tellurium (Glang, 1970). As described in
section 2.1 a vapour pressure of 5·10−3Pa is needed to prepare samples at a rate of 1nm/s.
Hence, the germanium has to be heated to 1371 K, antimony to 682 K and tellurium to
538 K, respectively. It’s obvious that the requirements to the crucible material and ther-
mocouple for germanium are different from that for antimony and tellurium. In table 4.1
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Abbildung 4.5: Vapour pressures of the Elements germanium, antimony and tellurium(Glang,
1970).
the melting and evaporation temperatures, possible crucible materials and some remarks
are listed for the evaporant and crucible materials used in this work (Glang, 1970). The
Element TM [K] Tp∗=5mPa [K] crucible remarks
Germanium 1213 1371 W , C,
Al2O3
Wets refractory me-
tals but low solubility
in W .
Antimony 903 682 Oxides,
BN , me-
tals, C
Poly-atomic vapour
(Sb2, Sb4)
Tellurium (Te2) 723 538 Mo, Ta, C,
Al2O3
Wets all refractory me-
tals without alloying
Carbon – ∼ 2170 at 0.1 mPa Crucible material,
electrical conductor
Al2O3 2300 ∼ 1800 at 0.1 mPa Vapour species obser-
ved: Al, O, AlO, Al2O,
O2, (AlO)2
Tabelle 4.1: Temperatures and crucible materials used for the evaporation of the elements. In the
lower part data for the crucible materials are given.
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evaporation temperature is the temperature at which the vapour pressure is 5mPa, which
is the rate at which a rate of approximately 1 nm/s is expected (see section 2.1). Hence,
we observe that germanium is already molten before the target temperature is reached.
Antimony typically shows a poly-atomic vapour. Besides the temperature criterion, other
arguments to choose the crucible material are that the evaporant is chemically inert to
the crucible material and that the evaporant does not wet the crucible. For GeTe no in-
formation has been found in literature regarding vapour pressures and crucible materials.
However, in section 5.4.1 we will see that a Al2O3 crucible is used to evaporate GeTe
at suitable rates. The combination of carbon and Al2O3 crucibles fulfil the requirements
for the evaporants used in this work. Al2O3 crucibles have been used for antimony and
tellurium, whereas the high evaporation temperatures for germanium require a carbon
crucible. Although the difference in evaporation temperatures between Al2O3 and germa-
nium is sufficient, we have to take into account that the Al2O3 is in direct contact with
the filament. Hence, some parts of the crucible may be warm enough to allow Al2O3 to
evaporate such that the samples may be contaminated with Al, O, AlO, Al2O, O2 or
(AlO)2.
4.2 The ultra high vacuum chamber
Among the many different techniques to prepare samples with lateral stoichiometry gra-
dients thermal evaporation under an angle of 45◦ has been chosen. With this technique it
is possible to produce rates of the order of 1 nm/s for the elements of interest. The UHV-
chamber makes it possible to produce very pure thin films due to the low impingement
rate φ of the residual gas at low pressures. To give an estimation of the base pressure
needed, we consider the number of molecules that strike the surface per unit time and
area given by the expression
φr = 4.7× 1024 P√
MrT
molecules
cm2s
. (4.1)
where P is expressed in Pa. Mr is the molar weight of the residual gas and T is the
temperature in K. The impingement rate φe due to the evaporation source is
φe = ρ
Nad˙
Me
, (4.2)
where ρ is the density of the evaporated material, Na the Avogadro number, d˙ is the
evaporation rate and Me is the molar weight of the evaporated material. The impurity
concentration C can then be calculated by dividing the impurity impingement rate φr by
the evaporation impingement rate φe
C =
φr
φe
= 7.8 · P√
MrT
Me
ρd˙
. (4.3)
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From this equation the base pressure needed to prepare pure films can be calculated:
P = 0.13 · ρd˙
√
MrT
Me
· C. (4.4)
Lets consider the evaporation of a Ge2Sb2Te5 alloy at a rate of 1 nm/s. This alloy has
roughly a density of 6 g/cm3 and a molar weight of roughly 1000 g/mol. Typical residual
gases in UHV systems are H2 and CO2. Hence, one can assume a molar weight of 30
g/mol for the rest gas. To produce 4N pure films, this means C = 10−4, a base pressure of
roughly 1 · 10−10mbar at room temperature is needed. It has to be noted that a sticking
coefficient of one is assumed for this calculation, which describes a worst case scenario.
Based on these arguments an ultra high vacuum system has been built, which provides
a low base pressure, the opportunity to evaporate under an angle of 45◦ and to rotate the
sample during growth. The preparation chamber is part of more complex UHV appara-
tus, which consists of two load locks, the preparation chamber and an analysis chamber.
Each load lock is assigned to either the preparation or the analysis chamber and has a
magnetic linear drive to transport the sample to the chamber. In the analysis chamber the
stoichiometry of the samples prepared is determined. This system will be briefly explained
in section 3.2.2. The chambers are separated by gate valves with pneumatic actuator. A
technical drawing of the chamber is depicted in figure 4.6. Motorised rotary feedthroughs
are used to rotate the sample stage (1.). A gear-wheel is connected to the shaft and coup-
les the rotation to the gear-wheel, which is attached to the sample stage (8.). The motor
can be controlled by an external control box. Besides the shutter for each evaporation
source there is a master shutter (6.). This is used to control the total evaporation time. A
motorised rotary feed through (2.) is used to move the shutter. The motor movements are
computer controlled. To measure the actual rate of evaporation a self constructed quartz
balance (3.) can be moved to the sample position using a stepper motor in combination
with a linear drive. There are 9 possible positions for evaporation sources (7.). During the
time of this work evaporation sources for Ge, Sb, Te, Ag, In and GeTe were used. At the
remaining positions view-ports or a mass-spectrometer were attached. The wobble stick
(5.) is used to transport the samples from the transport stage to the preparation stage.
The wobble stick is furthermore used to move the transport stage coming from the load
lock to the backup stage. Finally, a turbo-pump (9.) in combination with a membrane
pump is used to pump the system.
The possible positions for evaporation sources are numbered as depicted in figure 4.7.
Furthermore, the co-ordinate system (red colour, see figure 2.2) used to calculate the
thickness distribution functions is shown. To correlate the stoichiometry distributions to
the experimental results, represented by the blue coloured coordinate system, a transfor-
mation, which is described by
γ′ = γ , (4.5)
ω′ = 270− ω , (4.6)
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1.
2.
3.
4.
5.
6.
7.
7.
7.
7.
7.
7.
8.
9.
Abbildung 4.6: Scheme of the UHV-chamber used for the preparation of the samples: 1. stepper
motor for sample rotation, 2. stepper motor for master shutter, 3. quartz balance, 4. viewport,
5. wobblestick, 6. master shutter, 7. evaporation sources, 8. sample stage and 9. turbo pump.
was used. This transformation takes into account that the sample is produced on the
bottom side of the substrate and the sample is turned around for analysis.
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Since the distance between source and sample is 10 cm for all sources, the thickness
distributions for a single source can be calculated if the azimuthal angle γ and the angle ω
is known. The angle ω is chosen to be 0◦ at position 1 and increases with position number.
1
3
4
8
ω
2
5
6
7 9
x'
y'
x
y
ω'
Abbildung 4.7: Definition of the possible positions of the evaporation sources.
For the samples prepared in this thesis the following setup had been implemented:
At position 6, a mass spectrometer was built in and while at the positions 4 and 8
position evaporant
1 antimony
2 silver
3 germanium
5 indium
7 tellurium
9 GeTe
Tabelle 4.2: Configuration of evaporation sources.
two viewports were installed. The chamber has a base pressure of 3 × 10−8 mbar and
3× 10−10 mbar after bake out.
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To control the stoichiometries we need to adjust the rates of the single evaporation
sources. A quartz balance has been installed to monitor the rate. The next section will
therefore briefly discuss the principle of a quartz balance.
4.3 Quartz crystal oscillator
To determine the rates with which materials are deposited a quartz crystal oscillator is
used. This was first explored by Sauerbrey (1957, 1959) and Lostis (1959). The crystal-
oscillator monitor utilises the piezo-electric properties of quartz. A thin wafer is contacted
on its two surfaces and made part of an oscillator circuit. The AC field induces shear
oscillations in the crystal whose resonance frequency is inversely proportional to the wafer
thickness dq,
f =
cq
2dq
(4.7)
where cq is the propagation velocity of the elastic wave in the direction of the crystal plane.
The major surfaces of the wafer are anti-nodal. If a small mass ∆M is added to the crystal,
it may be assumed that the original crystal surfaces remain anti nodes of vibration. The
foreign matter does not store the elastic-deformation energy during the vibration cycle.
Hence, the deposit affects the resonance only through its mass whereas material specific
properties such as elastic constants are negligible. Miller (1968) and Bolef (1968) were
the first to treat the quartz crystal oscillator as an one-dimensional compound acoustic
resonator. Their results indicated that the elastic properties of the deposited film should
be related to the frequency shift resulting in a thickness frequency equation in the form
of
df =
Nqρq
pifcρfZ
arctan
(
Z tan
(
pi
fq − fc
fq
))
, (4.8)
where
Z =
√
ρqµq
ρfµf
df = film thickness
ρq = density of quartz
ρf = density of film
Nq = frequency constant for quartz crystal
fq = resonance frequency of un-plated crystal
fc = resonance frequency of loaded crystal
Z is the acoustic resonance ratio with µf and µq the shear module of the deposited
film and the quartz crystal, respectively. In table 4.3 the bulk densities and Z-values are
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given for the materials used in this work. Assuming that the Z-value is approximately 1,
material bulk density [g/cm3] Z-ratio
Ag 10.5 0.529
Ge 5.35 0.516
In 7.3 0.841
Sb 6.62 0.768
Te 6.25 0.9
Tabelle 4.3: Bulk densities and Z-values for commonly used materials
equation (4.8) can be simplified to
df =
Nqρq
ρf
(
1
fc
− 1
fq
)
. (4.9)
Based on this principle a quartz balance has been designed, which fits into the preparation
chamber. A technical drawing is depicted in figure 4.8. The wafer is cut such that the
resonance frequency fq is not temperature dependent for temperatures less then 100◦C.
Hence, to measure the shift in resonance frequency fq to monitor the rate of evaporation
accurately, the quartz balance is water cooled (1. and 2.). The quartz (5.) is contacted by
a spring (4.), which is also used to fix the quartz. The spring is attached to the electrical
contact (3.). Until now, we have presented the hardware, which is used to prepare the
stoichiometry libraries. However, since several evaporation sources are used simultaneously,
a software has been developed to control the hardware and to automate the deposition
process, which is presented in the next section.
4.4 Software
The preparation process is controlled by a software, which was developed using Lab Win-
dows (National Instruments, 1998). The integrated LabWindows/CVI environment offers
an interactive ANSI C approach for developing measurement applications. Figures 4.9(a)
and 4.9(b) shows screen shots of the panels used to control the temperature controllers,
pressure gauges, stepper motors and power supplies. A control box has been built, which
is used to connect the stepper motors and the power supplies to the computer.
In the next sections the functionality of the single modules discussed.
4.4.1 Omron temperature controllers
The temperature controllers are used to control the crucible temperature. The accom-
panying windows are depicted in figure 4.9(a). As already mentioned in section 4.1 the
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1. 2.
3.
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6.
Abbildung 4.8: Technical drawing of the quartz balance used to monitor the rate of evaporation.
The quartz balance is water cooled (1. and 2.). The quartz (5.) is contacted by a spring (4.),
which is also used to fix the quartz. The spring is attached to the electrical contact (3.).
controller senses the crucible temperature and controls the power supply by delivering a si-
gnal between 0 and 5 Volts. This signal is then read by the powersupply to set the current,
which heats the filament correctly. To regulate the temperature controllers window “Om-
ron Controller” is used. For each controller there is box containing the major command
buttons to regulate the hardware. For each controller used in this work, a box, which offers
control to the specific “Omron Controller”, is shown. Although the programming language
C is not object oriented the programming is as object oriented as possible. Therefore the
controls for controllers two to four are clones of the controls of controller one. The number
of controllers is read from an initialisation file and therefore the application is scalable,
which makes an extension of the hardware easy. This method of programming has also
been applied for the software in the next two sections. The communication is performed
using the RS422 protocol. This protocol is a 1 : n protocol, which enables the computer to
communicate with n controllers through one serial bus. However, each controller then has
to have a unique id to properly address the communication commands to the controllers.
For each controller it is then possible to read out the actual process temperature (PV),
setpoint temperature (SV) and the manipulated value (MV). In this case the manipulated
value is the voltage signal sent to the powersupply. A button in the form of a light
emitting diode is used to turn on a timer, which reads out the process, setpoint and
manipulated value (MV) periodically. The “Trend window” is used to monitor these values
as function of time and has a stripchart showing the time dependence for each controller.
Furthermore it is possible to log these data on hard disk. The proportional band, integral
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(a)
Abbildung 4.9: Screenshots of the software used to control and monitor the process of evaporation.
Figure (a) shows the windows used for the temperature controllers and the power supplies.
time and differential time parameters (PID-parameters) characterise the control target
and can either be manually edited by clicking the PID button or by choosing an auto-
tune procedure from a drop down box.
The window “Omron programming” offers the opportunity to program the controllers to
run temperature patterns. By defining slopes and ramps each controller can be program-
med. This can then be used to measure the rate of evaporation as function of temperature.
This window furthermore provides the functionality to send or retrieve the actual pattern
from or to the temperature controller.
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(b)
Abbildung 4.9: Screenshots of the software used to control and monitor the process of evaporation.
Figure (b) the windows for the maxigauge and stepper motors.
4.4.2 Maxigauge
A Pfeifer maxigauge is used to read the pressures from several gauges in the equipment.
The actual pressures can be read from the window called “maxigauge”. At this point of
time there are five gauges built into the system:
1. load lock 1: measures the pressure in the load lock belonging to the preparation
chamber.
2. preparation chamber: measures the pressure in the preparation chamber.
3. analysis chamber: measures the pressure in the analysis chamber.
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4. argon system: measures the pressure in the argon gas supply system.
5. load lock 2: measures the pressure in the load lock belonging to the analysis chamber.
By clicking the “print” button the window called “Pressure logging” appears. This window
is used to monitor the pressure as function of time during sample preparation or bake
out. The pressures are read from the maxigauge every 10 seconds. By clicking the button
in form of a light emitting diode the logging functionality is activated, meaning that the
pressures are saved to disk after every read out. The communication with the maxigauge
takes place using the RS232 protocol.
4.4.3 Stepper motors
Stepper motors are used to automate several procedures. As already described in secti-
on 4.1 stepper motors are used to open and close the master shutter and the shutters for
the evaporation sources. Since these shutters play a major role in the preparation process,
the stepper motors can be controlled by the computer. In figure 4.9(b) two windows to
control the shutters are shown. The window called ‘master shutter’ is used to control spe-
cific parameters like the number of steps to close and open the shutter and the stepping
frequency with which the shutters are opened and closed. If the right parameters are set
then window ‘Shutter’ enables us to quickly open and close several shutters simultaneous-
ly. Furthermore the preparation time can be set and by clicking the button ‘go’ the master
shutter is opened, the timer is started. After the evaporation time has elapsed, the master
shutter is closed again.
4.4.4 Power supplies
The applied current and voltage drops can be read out directly from the power supplies
and are displayed in the window ‘Stromversorgungen’ (see figure 4.9(a)). These values are
used as an indication of the quality of the PID-parameters. The applied currents scale
with the manipulated values from the Omron controllers.
Now, that we have described the hard- and software, which we need to prepare the samp-
les, we have to test if the setup produces samples with thickness gradients, which resemble
the gradients as calculated in section 2.3. Furthermore, we will discuss the influences on
film properties due to the growth under an azimuthal angle of 45◦.
4.5 Thickness profiles
In section 2.3 the thickness profiles from basic emission laws were calculated. Evaporation
at an azimuthal angle of 45◦ offers the opportunity to prepare samples with a defined
thickness gradient and homogeneous thick films by rotating the sample. In this section
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we will describe, how films have been prepared and compare the experimental thickness
gradients with the calculated gradients.
In order to measure thickness gradients, we need a technique, which is able to precisely
measure the thickness laterally. Therefore a combination of optical lithography and atomic
force microscopy was used. Structures as depicted in figure 3.2 were prepared on a silicon
sample with optical lithography. The characters are sorted alphabetically in x- and y-
direction and thus span a coordinate system. After the film has been deposited, the
remaining photo-resist is lifted off. The structured film now offers the lateral resolution
and atomic force microscope can be used to measure the local structure height.
A 200 nm thick statically prepared and a 60 nm thick dynamically prepared antimony
films on silicon were prepared and analysed with the recipe as described above. The resul-
ting thickness gradients are shown in figure 4.10. The evaporation source for antimony
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(b) Dynamically prepared.
Abbildung 4.10: Three dimensional representation of the thickness profiles of (a): a statically
and (b) antimony film deposited on Si under an angle of 45◦.
was built in at position 1 (see figure 4.7 for details). The thickness gradient can be clearly
seen in figure 4.10(a). In the region, which is closer to the evaporation source (y > 0),
the film is clearly thicker than in the region further away from the source (y < 0). The
thickness of the dynamically prepared sample was found to be 58 ± 2 nm. Hence, the
preparation is in principal able to prepare samples having thickness gradients as well as
samples with homogenous thickness. In the next section we want to compare the measured
gradients to the simulated gradients.
Figure 4.11 compares the experimentally measured and the calculated thickness gradi-
ents for a 206 nm thick antimony and a 322 nm thick tellurium film, respectively. These
films were prepared in the same procedure as described above. The calculation was per-
formed using the thickness distributions as described in section 2.3. To compare the
experiments and calculations the data is re-scaled and averaged along the x-axis. The
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322 ± 25 nm.
Abbildung 4.11: Experimentally measured and calculated thickness profiles of antimony and tellu-
rium films. To compare the experiments and calculations the data is rescaled and averaged along
the x-axis. The standard deviation is represented as an error bar. The experimental error of the
atomic force microscope is ± 3% and is added to the error bar.
standard deviation is represented as an error bar. The experimental error of the atomic
force microscope is ± 3% and is added to the error bar. For both materials the simulated
gradients are in good agreement with the experimental values. Hence, the system is able
to produce films with thickness gradients. We have also seen that by rotating the sample
during growth a sample with homogeneous thickness can be obtained. This offers the
opportunity to either produce stoichiometry libraries or single stoichiometry samples by
employing several evaporation sources simultaneously. The thickness distribution function
(eq. (2.14)) can then be used to calculate the lateral distribution of stoichiometry using
the relative evaporation rates. As we will see later, the SNMS will be used to determine
the stoichiometry of dynamically prepared samples. The resulting stoichiometry is similar
to the stoichiometry of the statically prepared sample at the coordinate (0,0). From the
stoichiometry we can calculate the relative evaporation rates for each evaporation source.
These rates are then used to calculate the lateral stoichiometry distribution.
4.6 The influence of evaporation under 45◦ on film
structure
Besides the effect of a thickness gradient the evaporation at an azimuthal angle of 45◦ can
have an impact on the thin film structure. Since this is only relevant for materials, which
grow crystalline we will discuss this topic first for antimony and then for tellurium. As
we will see later both germanium and GeTe grow amorphous (see section 5.1 and 5.4.2,
respectively). Figure 4.12 shows a θ−2θ-scan of antimony thin films, which were evapora-
ted in the static and the dynamic mode. A similar diffraction pattern is observed for both
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Abbildung 4.12: The influence of evaporation at oblique angle of 45◦ on the structure of Sb
films. θ − 2θ XRD spectra of dynamically and statically prepared antimony films are shown. It
is observed that except for the (202) reflex, the peak intensities for the dynamically prepared
sample are larger than for the statically prepared sample. The presence of the (003) reflex and
overtone reflexes (006) and (009) indicate the presence of fiber texture.
preparation techniques. Except for the (202) reflex, the peak intensities for the dynamical-
ly prepared sample are larger than for the statically prepared sample. The presence of the
(003) reflex and the overtone reflexes (006) and (009) indicate the presence of fiber texture.
The antimony structure has been determined by grazing XRD to be rhombohedral, as will
be discussed in section 5.2 in more detail. The peak at θ = 36◦ could not be assigned to
any known antimony structure. It is observed that except for the (202) reflex, the peak
intensities for the dynamically prepared sample are larger than for the statically prepared
sample. To corroborate the observation that the as-deposited antimony films have fiber
texture, pole-figures of dynamically and statically prepared samples for the (003), (012)
and (202) peaks have been taken (see figure 4.13). The colour coding scales from blue
(0 %) over green (50 %) to red (100 %). The peak for the (003) and (202) pole-figures
at ψ = 0 show for both the statically and the dynamically prepared samples (see 4.13(a)
and 4.13(b)) grains are either oriented in (003) or in (202) direction. The ring shaped
peak at ψ ≈ 70◦ in the (003) pole-figures are the contributions of the (003) planes of the
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Abbildung 4.13: Influence of sample rotation (left hand side) versus no rotation(right hand side)
during growth on the texture of thin antimony films for the (003) reflex.. The colour coding
scales from blue (0 %) over green (50 %) to red (100 %).
(202)-oriented grains since the angle between the (003) and (012) plane is 61.5◦. In the
(202) pole-figures we can analogously see a ring shaped peak at ψ ≈ 60◦, which is con-
tributed by the (202) planes of the (003)-oriented grains. From the higher signal-to-noise
ratio for the (003)-pole-figures with respect to the (202)-pole-figures, we can conclude that
most grains are oriented in (003) direction. The observation of overtones and the large
intensity of the (003) in the θ − 2θ scan corroborate this finding. The pole-figures of the
statically prepared samples (see figures 4.13(b), 4.13(d) and 4.13(f)) are not rotational
symmetric, which means that the mean grain orientation is slightly tilted. Calibration of
the sample alignment in the x-ray system, showed that the tilt grain orientation is tilted
towards the antimony evaporation source. Hence, by offering antimony vapour under an
azimuthal angle of 45◦ the grains tend to growth such that their orientation is slightly
tilted with respect the sample normal. As we see from figures 4.13(a), 4.13(c) and 4.13(e)
the pole-figures are rotational symmetric because the antimony vapour is not offered from
a preferred direction anymore.
Figure 4.14 finally compares pole-figures of dynamically prepared antimony thin films,
which were first measured as deposited and subsequently after annealing at 200◦C for 10
minutes. As we already saw above for the as deposited, the films show fiber texture in
(003) direction. From figures 4.14(b) and 4.14(c) we observe that the peak width decreases
upon annealing due to grain growth.
As we have seen in section 3.4.2, the finite grain size and micro strain in thin films
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Abbildung 4.13: Influence of sample rotation (left hand side) versus no rotation(right hand side)
during growth on the texture of thin antimony films for the (012) reflex. The colour coding scales
from blue (0 %) over green (50 %) to red (100 %).
give rise to peak broadening. Combining equations (3.11) and (3.13), the FWHM can be
written as
FWHM = 0.89
λ
L cosϑ
+ 4ε tanϑ, (4.10)
where λ = 0.154 nm corresponds to the wavelength of the X-ray beam, L describes the
mean grain size and ε is the strain. Hence, if we now consider the (003) reflex and the
accompanying overtone reflexes from figure 4.12 a set of linear equations is obtained from
which the grain size and strain can be determined. The values are listed in table 4.4. For
peak 2ϑ [◦] FWHM [◦] L [nm] ε FWHML FWHMε
static 003 23.68 0.27
006 48.44 0.37 40.41 1.51 · 10−3 3.47 · 10−3 1.30 · 10−3
009 75.92 0.4 ± 0.1
dynamic 003 23.68 0.27
006 48.48 0.37 40.68 1.54 · 10−3 3.45 · 10−3 1.33 · 10−3
009 75.96 0.6 ± 0.1
Tabelle 4.4: Strain and grain size calculated from the peak broadening of the (003), (006) and
(009) peaks of statically and dynamically prepared antimony thin films.
the static as well for the dynamic mode similar strain and grain sizes are obtained. The
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Abbildung 4.13: Influence of sample rotation (left hand side) versus no rotation(right hand side)
during growth on the texture of thin antimony films of the (202) reflex. The colour coding scales
from blue (0 %) over green (50 %) to red (100 %).
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Abbildung 4.14: Comparing texture of as deposited (left) and annealed (right) Antimony films for
the (003) reflex. The colour coding scales from blue (0 %) over green (50 %) to red (100 %).
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Abbildung 4.14: Comparing texture of as deposited (left) and annealed (right) Antimony films for
the (202) reflex. The colour coding scales from blue (0 %) over green (50 %) to red (100 %).
full width at half maximum for strain is less then for finite grain size. Hence, the peak
broadening is due to the finite grain sizes.
Figure 4.15 shows a θ − 2θ scan of a dynamically and a statically prepared tellurium
sample. The pattern can be attributed to a rhombohedral structure.
In the case of antimony we have seen a strong texture in (003) direction. In figure 4.16
pole-figures of statically and dynamically prepared and a statically prepared annealed
thin tellurium films are shown in order to see if a similar effect can be observed. The
pole-figures were taken for the (100), (101) and (102) reflexes. Analogous to antimony,
tellurium has fiber texture but now in the (100) direction. However, the texture is not
as pronounced as in the case of thin antimony films. Quantitatively the effect of the
preparation procedure of the sample is similar to the effect we have seen for antimony.
Which means that the preferred direction is slightly tilted towards the evaporation source.
This effect can the be eliminated by rotating the substrate during growth. However, in
the case of annealing, the tilt angle does not vanish completely. Hence, the grains, which
were slightly tilted after deposition have grown on cost of those which were not tilted.
The grain growth does not eliminate the tilt of the grain distribution.
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Abbildung 4.15: θ − 2θ XRD pattern of statically and dynamically prepared tellurium samples
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Abbildung 4.15: Pole-figures of the (100) reflex of statically and dynamically prepared as well as
a statically prepared annealed thin tellurium films.
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Abbildung 4.15: Pole-figures of the (101) reflex of statically and dynamically prepared as well as
a statically prepared annealed thin tellurium films.
0 30 60 90
j=
18
0°
j=90°
j=0°
y
(g)
0 30 60 90
ϕ
=
1
8
0
°
ϕ=90°
ϕ
=
0
°
ψ
(h)
0 30 60 90
ϕ
=
1
8
0
°
ϕ=90°
ϕ
=
0
°
ψ
(i)
Abbildung 4.16: Pole-figures of the (100), (101) and (102) reflexes (from top to bottom) to study
the texture of statically and dynamically prepared, as well as a statically prepared annealed thin
tellurium films. The colour coding scales from blue (0 %) over green (50 %) to red (100 %).
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5 Results I: the evaporants Ge, Sb,
Te and GeTe
Since we want to test the concept of combinatorial synthesis on the GeSbTe system, we
use germanium, antimony, tellurium and GeTe as evaporants. This chapter describes the
characteristics of these materials, which we use to prepare the stoichiometry libraries,
described in chapter 6. By studying the properties of these materials we gain experience
in handling the preparation system. This knowledge will then help us to prepare and
understand stoichiometry libraries.
5.1 Germanium
Germanium was predicted by Mendeleev in 1871 and should resemble silicon in its pro-
perties. He suggested therefore the name ekasilicon (symbol Es). His predictions for the
properties of germanium are remarkably close to reality. Germanium was discovered in a
mineral called argyrodite by Clemens Alexander Winkler in 1886 and has a melting point
of 1211.4 K (Winter, 2002).
Germanium reaches a suitable vapour pressure at relative high temperatures (5 · 10−3
Pa at 1371 K) as we have seen in 4.1.1. Therefore a carbon crucible has been used
instead of an Al2O3 crucible and molybdenum as filament. However, carbon has relatively
high electrical conductivity and thus the filament has to be electrically isolated using thin
Al2O3 capillaries. However, since Al2O3 evaporates at similar temperatures as germanium,
a piece of molybdenum has been used to prevent the Al2O3 vapour from intermixing with
the germanium vapour.
To be sure that the produced germanium films are not contaminated with Al2O3, thin
films have been deposited on a carbon substrate and analysed with RBS (see figure 5.1).
This substrate is preferred because in case of typical silicon substrates a possible signal
from Al would vanish in the Si signal. On the left hand side of the germanium peak a
deviation between simulation and experiment is observed, which can be caused either by
surface roughness of the germanium film or the germanium/carbon interface roughness.
However, since we are interested in the purity of the prepared germanium films for now,
the origin of the roughness is neglected for now. Hence, we have to focus on the region
where a possible aluminium signal could occur. At the channels between 180 and 350 a
signal is observed, which can be attributed to elements with masses, which are equal or
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Abbildung 5.1: Rutherford Backscattering scan of a Ge film deposited onto Carbon.
less than oxygen, which may come from the carbon substrate. Hence, we can conclude
that there is no Al coming from the filament material in the film and thus the prepared
films consist of pure germanium. This finding is supported by a SNMS-analysis. Now, that
we are able to produce pure germanium films, thin films were prepared to study structural
and optical properties of thermally evaporated germanium.
Figure 5.2(a) shows an X-ray diffraction pattern of an as deposited thin germanium
film on silicon. Two broad peaks are observed for the as-deposited film, confirming an
amorphous phase. Even after annealing at temperatures up to 400◦ in argon atmosphere
the film structure was still amorphous. Annealing to higher temperatures has not been
performed. This finding is to be expected for a material having a high melting point of
1211.4 K.
To study the thickness and density as function of the evaporation time, XRR as well
as optical spectroscopy have been performed. The films were prepared at a constant rate
of 0.40 nm/s. This rate was measured by the quartz balance. Figure 5.2(b) shows some
x-ray reflectance spectra of as deposited thin germanium films on silicon having various
deposition times. From the simulation we obtain the layer thickness and density.
The resulting thicknesses and densities are plotted in figure 5.5. The resulting evapora-
tion rate is calculated to be 0.39 ± 0.1 nm/s, which is in good agreement with the value
measured by the quartz balance. The density remains constant at 4.7± 0.1 g/cm−3.
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Abbildung 5.2: θ − 2θ-Scan of an as deposited thin germanium film on silicon (a) and X-ray
reflectance spectra of as deposited thin germanium films with variable thicknesses on silicon (b).
The optical spectroscopy was performed using ellipsometry, reflectance and transmittan-
ce measurements in the spectral range between 9000 cm−1and 50000 cm−1(see figure 5.3).
Besides the film thickness, the simulation by modelling of the optical spectra offers the
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Abbildung 5.3: Experimental and simulated ellipsometry (a) reflectance and transmittance spec-
tra (b) of several as deposited germanium films on glass. The experimental data are represented
by solid lines, whereas the simulated curves are depicted as dotted lines.
possibility to determine the optical band gap energy of the as deposited germanium films.
The simulated thicknesses can then be compared to those measured by X-ray reflectome-
try. Figure 5.3 shows the experimental and simulated ellipsometry (fig. 5.3(a)), reflectance
and transmittance (fig. 5.3(b)) spectra of germanium samples on glass with variable thick-
ness. The experimental data are depicted as solid lines, whereas the simulated curves are
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depicted as dotted lines, respectively.
Although the OJL model is recommended to use to model the dielectric function of
amorphous materials, no suitable parameters could be found. The Tauc-Lorentz has been
used instead. The parameters are listed in table 5.1. The dielectric functions used to
Tauc-Lorentz
position 22875±1584 cm−1
strength 1000 ± 3 cm−1
damping 31789±3380 cm−1
gap 7312 ± 835 cm−1
Dielectric background
real part 2.29 ±0.20
Tabelle 5.1: The susceptibilities to describe the dielectric function of as deposited germanium
thin films on glass. A Tauc-Lorentz model was used to describe the interband transitions and a
dielectric background was used to describe the high energy terms of the dielectric function.
simulate the spectra are shown in figure 5.4 together with a dielectric function from
literature by Aspnes et al. (1985). By extrapolating the left flank of the imaginary part
of the dielectric function, a band gap energy of 0.93 eV is found, whereas the Tauc-Lorentz
model predicts a band gap energy of 0.91 ± 0.10 eV .
Although the dielectric function from literature has a larger strength the qualitative
behaviour is similar. It further has to be noted that this dielectric function is valid for
bulk amorphous germanium and hence does not have to be necessarily valid for thin films.
Furthermore the determination of the band gap by interpolation would give rise to a
negative band gap energy, which is highly questionable. However, since no literature data
for energies lower than 1 eV has been found this statement cannot be proven.
Figure 5.5 summarises the thickness and density measured with optical spectroscopy
(hollow circles) and X-ray reflectometry (solid circles) as function of evaporation duration
of films deposited at constant rate of 0.39 nm/s1. The thicknesses are measured with
optical spectroscopy (hollow circles) as well with X-ray reflectometry (solid circles). From
the slope of the thickness curve a deposition rate of 0.40 nm/s is observed, which is
in very good agreement with the rate measured at the quartz balance. The density of
the as deposited germanium thin films was determined by x-ray reflectometry (3.4.2) to
4.7± 0.1 gcm−3.
In summary, we have seen that pure germanium films can be prepared by evaporation
using a carbon crucible. These germanium films grow in the amorphous phase when
deposited. No crystalline phase could be seen with XRD after annealing the samples up to
a temperature 450◦ C. The amorphous phase has an optical band gap of 0.91 ± 0.10 eV .
1Measured at the quartz balance.
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Abbildung 5.4: The dielectric function to describe the optical properties of as deposited germa-
nium thin films. The real parts are depicted as solid lines, the imaginary parts as dotted lines,
respectively. The dashed curve represents a dielectric function from literature obtained by ellip-
sometry by Aspnes, Bouldin, and Stern (1985)
5.2 Antimony
Antimony was recognised in compounds by the ancients and was known as a metal at
the beginning of the 17th century or possibly much earlier. Its most important mineral
is stibnite, a mineral, which formed the basis of black eye makeup in Biblical times.
Antimony was sometimes confused with lead in those times. It is not clear who first
recognised antimony as an element but the French chemist Nicolas Lémery conducted
much of the earlier studies on antimony chemistry. The name originates from the Greek
words ‘anti + monos’ meaning ‘not alone’. The origin of the symbol Sb comes from the
Latin word ‘stibium’.
Antimony evaporates at a suitable rate at much lower temperatures (p∗ = 5mPa@ 638K)
than germanium. Hence, a Al2O3 crucible and a tantalum filament are used. A Type K
thermocouple measures the temperature during evaporation. In section 4.5, θ − 2θ x-ray
diffraction patterns were presented to demonstrate the effect of evaporating under an an-
gle of 45 degrees. For statically prepared films, it was shown that thin antimony films
have strong fiber texture with the 〈003〉 planes parallel to the substrate. The mean grain
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Abbildung 5.5: Thickness and density of thin germanium films as function of evaporation duration.
The thickness was measured using as well as optical spectroscopy (hollow circles) as well as X-ray
reflectometry (solid circles).
orientation is slightly tilted against the substrate normal. However, for dynamically pre-
pared samples the mean orientation is not tilted. Due to the strong fiber texture only
Bragg reflexes from planes almost parallel to the substrate can be seen in θ − 2θ mode.
To complete the structural analysis of antimony, we now want to determine the lattice
parameters. However, to determine the lattice parameters we need information from the
complete reciprocal space. Hence, besides the θ − 2θ scan (see figure 4.12) a grazing in-
cidence scan is performed (see figure 5.6). Due to the grazing angle, we are now more
sensitive the Bragg reflexes coming from grains, which are oriented in the film plane. If
we now combine both patterns, we can easily determine the lattice parameters. The peaks
observed for the dynamically prepared sample have been used for the lattice parameter
determination. The pattern fits the rhombohedral lattice and thus the Miller indices hkl
can be attributed to the 2Θ-angles according to table 5.2. Except for the (101) reflex the
calculated peaks fit fairly well to the observed peaks. From the indices and 2ϑ-angles the
following lattice parameters can then be determined. The results are presented in table 5.3.
XRR measurements have finally been performed to measure the thickness as function of
deposition time for various deposition times (see figure 5.7). The samples were deposited
at a constant rate of 1.2 ± 0.1 nm/s, which was measured by the quartz balance. XRR
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Abbildung 5.6: Grazing incidence XRD pattern of a dynamically (red curve) and statically (blue
curve) prepared antimony sample
h k l θobserved [◦] θcalculated [◦]
0 0 3 23.759 23.719
1 0 1 24.873 25.123
1 0 2 28.678 28.688
1 0 4 40.184 40.127
1 0 5 47.190 47.145
1 0 7 62.950 62.941
1 1 6 66.088 66.016
2 1 2 68.548 68.533
2 0 7 78.509 78.506
2 0 8 86.576 86.647
Tabelle 5.2: Miller indices and angles of the measured pattern compared to values from latcoref.
Except for the (101) reflex the calculates 2θ angles fit fairly well to the observed peaks.
gives furthermore access to quantities like film density and surface roughness. It can be
clearly seen how the thickness interference fringes change with deposition time. From the
simulations we can now extract the film thickness and density. Figure 5.8 shows these
quantities as function of the deposition time. For the thicknesses under investigation, the
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[nm] [◦] [nm](Schiferl, 1977)
a 0.4309± 0.0003 α 90.000± 0.000 a 0.4301
c 1.1245± 0.0007 γ 120.000± 0.000 a 1.1222
Tabelle 5.3: Lattice parameters obtained from the Miller indices
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Abbildung 5.7: Experimental and simulated XRR spectra of as deposited antimony thin films.
The films were deposited at a constant rate of 1.2 ± 0.1 nm/s but various deposition times.
density is thickness independent and is determined to 6.61 ± 0.02 g/cm−3. The litera-
ture value for the density is 6.697 g/cm−3. From the slope of the thickness data a rate of
0.96 ± 0.03 nm/s is determined.
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Abbildung 5.8: Thickness (red data points) and density (blue data points) of thin antimony films
measured by x-ray reflectometry as function of evaporation duration.
5.3 Tellurium
Tellurium was discovered in gold ores by Franz Joseph Möller von Reichenstein, the chief
inspector of mines in Trannsylvania in 1782. However tellurium was named by M. Klaproth,
who isolated it in 1798, after he continued Möller von Reichenstein’s work. The name
origins from the Latin word tellusmeaning ëarth".
The evaporation source is configured with a Al2O3 crucible and a tantalum filament.
The temperature is controlled using a type K thermocouple. Similar to antimony we stu-
died pole figures from statically and dynamically prepared samples to observe the influence
of evaporation under 45◦ on the structural properties (see section 4.6). There, we have
seen that tellurium grows crystalline with a weak texture in (100) direction. This effect
can be omitted by either rotating the sample during growth or subsequently annealing
the sample after deposition. We now want to use the observed θ − 2θ patterns for the
dynamically as well the statically prepared sample to determine the lattice parameters.
Both patterns fit to the rhombohedral pattern with lattice parameters a = 0.4454 nm
and c = 0.5915 nm. The Miller indices (hkl) can be attributed to the 2θ-angles according
to table 5.4. XRR measurements have finally been performed to measure the thickness
as function of deposition time for various deposition times (see figure 5.9). The samples
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h k l θobserved [◦] θcalculated [◦]
1 0 0 23.040 23.038
1 0 1 27.559 27.584
1 0 2 38.232 38.317
1 1 0 40.565 40.471
1 1 1 43.387 43.380
0 0 3 46.006 45.991
2 0 0 47.009 47.080
2 0 1 49.639 49.680
1 1 2 51.248 51.312
2 0 2 57.058 56.954
Tabelle 5.4: Miller indices and angles of the measured pattern compared to values calculated by
latcoref. Literature data has helped to attribute the peaks. (Swanson and Tatge, 1953).
were deposited at a constant rate of 1.2 ± 0.1 nm/s, which was measured by the quartz
balance. XRR gives furthermore access to quantities like film density and surface rough-
ness. It can be clearly seen how the thickness fringes change with deposition time. From
the simulations we can now extract the film thickness and density. Figure 5.10 shows
these quantities as function of the deposition time. The density remains constant and
is determined to 6.22 ± 0.03 g/cm−3, which agrees very well with the literature value
of 6.24 g/cm−3. From the slope of the thickness data a rate of 1.02 ± 0.01 nm/s is
determined, which is in good agreement with the rate measured by the quartz balance.
5.4 Germanium-Telluride, GeTe
In section 5.1 we saw that germanium evaporates at rather high temperatures. To ensure
the ability of preparing Ge based compounds germanium (II) telluride (GeTe) powder has
been prepared by a melt cooling technique, which was carried out by Wamwangi (2002).
In section 3.2, we already have shown that stoichiometry analysis of evaporated GeTe
has determined the fraction of germanium to 47.9 ± 0.6% and the fraction of tellurium
to 52.1 ± 0.6%, respectively. This corroborates that GeTe will not dissociate before eva-
poration takes place. The evaporated films have furthermore been used by Welnic (2002)
to study the Peierls effect in p-bonded materials by density functional theory (DFT). To
support the density functional theory calculations the structural properties of powder
GeTe as well of thin films after subsequent annealing will be discussed. Transition from
amorphous to cubic and from cubic to trigonal is observed upon subsequently annealing
to higher temperatures. The band gap values obtained by DFT have then been compa-
red to those obtained by optical spectroscopy. We expect p-electron bonded systems to
crystallise in a cubic lattice. However, due to the Peierls effect a lattice distortion gives
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Abbildung 5.9: Experimental and simulated XRR spectra of as deposited tellurium thin films.
The films were deposited at a constant rate of 1.2 ± 0.1 nm/s but at various deposition times.
rise to a decrease of the total energy, which results in a hexagonal structure. As we have
seen in section 2.8 this may result in a decrease of the optical band gap of the resulting
structure. Optical spectroscopy is used to test this assumption. To determine the combi-
ned activation energy of the amorphous to cubic phase transition we will finally present
temperature dependent electrical measurements.
5.4.1 Preparation
The GeTe evaporant material has been prepared by Daniel Wamwangi using a melt coo-
ling technique. Pure germanium and tellurium have been weighted out to fulfil the mole
fraction. The compound is then put into a quartz ampoule, sealed and subsequently heated
at 400◦C for several hours. The GeTe was then used to prepare thin films by evaporation.
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Abbildung 5.10: Thickness (red data points) and density (blue data points) of thin antimony films
measured by x-ray reflectometry as function of evaporation duration.
We now want to take a look at the structural properties of the material produced.
5.4.2 Structural properties
Figure 5.11 shows a θ − 2θ diagram of a GeTe powder sample of the material produced
by the technique as described above. The pattern can be attributed to the rhombohe-
dral structure, which is according to thermodynamics the most stable structure at room
temperature. The Miller indices, observed 2θ angles and calculated 2θ angles are listed
in table 5.6(b). The lattice parameters are determined to a = 0.8323 ± 0.0002 nm
and c = 1.0660 ± 0.0004 nm (see table 5.5). Grier et al. (1993) determined the lattice
parameters to a = 0.8342 nm and c = 1.066 nm, which is in good agreement with the re-
sults presented here. We now use this GeTe to prepare thin films by thermal evaporation.
Hence, 250 nm thick films have been prepared on silicon and characterised by grazing inci-
dence X-ray diffraction to compare the structural properties of the thermally evaporated
films to the powder (see figure 5.11). The broad peaks indicate an amorphous structure
for the as deposited film. However, a structural transition to the rock salt structure with
traces of a second phase emerge upon isothermal annealing at 200◦ for 10 minutes (see
figure 5.11). The low intensity peaks at 42.3◦, 51.6◦, 61.1◦ and 68.3◦ indicate the presence
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Abbildung 5.11: θ− 2θ scans of powder GeTe and grazing XRD scans of a subsequently annealed
GeTe thin film.
of a rhombohedral phase in the dominant rock salt structure. The lattice parameters cor-
responding to the rock salt structure have been determined to a = 0.5922 ± 0.0004 nm
(see table 5.5). Further isothermal annealing at 300◦C does not lead to any further struc-
tural changes (a = 0.5921 ± 0.0001 nm) as revealed by the XRD pattern of figure 5.11.
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cubic a = 0.5922 ± 0.0004 nm α = 90.000 ± 0.000
hexagonal/thin film a = 0.8328 ± 0.0003 nm α = 90.000 ± 0.000
c = 1.0649 ± 0.0005 nm γ = 120.000 ± 0.000
hexagonal/powder a = 0.8323 ± 0.0002 nm α = 90.000 ± 0.000
c = 1.0660 ± 0.0004 nm γ = 120.000 ± 0.000
Tabelle 5.5: Lattice parameters of cubic, hexagonal thin GeTe films and powder GeTe.
The transition to the rhombohedral phase is observed in figure 5.11 upon annealing at
h k l 2θobs 2θcal
1 1 1 26.094 26.041
2 0 0 30.146 30.159
2 2 0 43.261 43.174
3 1 1 51.180 51.115
2 2 2 53.562 53.565
4 0 0 62.346 62.706
3 3 1 69.209 69.082
4 2 0 71.162 71.144
4 2 2 79.236 79.174
(a) cubic
powder sample thin film
h k l 2θobs 2θcal 2θobs 2θcal
0 0 3 25.150 25.041 25.130 25.067
0 2 1 26.170 26.080 26.116 26.068
2 0 2 29.960 29.906 29.863 29.902
0 2 4 42.170 42.139 42.271 42.158
2 2 0 43.480 43.459 43.438 43.430
2 0 5 49.590 49.645 49.800 49.676
2 2 3 50.900 50.811 50.756 50.801
0 0 6 51.480 51.390 51.533 51.446
0 4 2 53.650 53.650 53.725 53.624
4 0 4 62.100 62.135 62.033 62.128
0 2 7 66.750 66.618 66.769 66.676
2 2 6 69.520 69.520 69.563 69.546
4 2 2 71.390 71.422 71.365 71.380
2 0 8 76.060 76.101 76.243 76.175
2 4 4 78.810 78.857 78.756 78.831
6 0 0 79.840 79.769 79.780 79.710
4 0 7 82.890 82.950 82.890 82.984
0 4 8 91.910 91.944 91.870 91.996
4 4 0 95.540 95.538 95.510 95.460
(b) hexagonal
Tabelle 5.6: Miller indices and 2θ angles of the reflexes of a thin GeTe film having a (a) cubic
and (b) hexagonal structure as well for a powder sample.
400◦C for 10 minutes. The Miller indices, observed 2θ angles and observed 2θ angles
are listed in table 5.6(b). The lattice parameters for this phase have been determined to
a = 0.8328 ± 0.0003 nm and c = 1.0649 ± 0.0005 nm, respectively. There is no
evidence of a co-existing rock salt structure at 400◦C. The phase transition temperature
strongly depends on the stoichiometry. Vengalis (1978) found the transition at 427◦C for
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exact GeTe. In the case of excess germanium the transition temperature was found to be
430◦C and 365◦C for the case of excess tellurium, respectively (Kabalkina et al., 1967a).
The latter is corroborated with the observations in this work. In section 3.2.2 tellurium
was 2.5% in excess in the films and from figure 5.11 we know that this transition occurs
at temperatures less then 400◦C. However, the exact transition temperature has not been
determined by temperature dependent 4-point-probe measurements. The phase transiti-
on is also observed at room temperature under a pressure of 35 kbar (Kabalkina et al.,
1967b).
For the rock salt structure the following atomic positions in the GeTe unit cell have
been used
Ge :
120
0
 ,
01
2
0
 ,
00
1
2
 ,
121
2
1
2

Te :
00
0
 ,
01
2
1
2
 ,
120
1
2
 ,
121
2
0

A pictorial scheme of the unit cell for this structure is shown in figure 5.12(a). Consequen-
tially the XRD density of the rock salt structure has been determined to 6.4 g/cm3. The
a
(a) Cubic.
a
b
c
x y
z
(b) Hexagonal.
a
(c) Trigonal.
Abbildung 5.12: A pictorial scheme of the unit cell for (a) the rock salt structure and (b) the
hexagonal structure. The latter is also represented in the trigonal system (c).
pictorial scheme of the hexagonal unit cell for the structure is shown in figure 5.12(b) in
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which the following atomic positions have been used
Ge :
 00
0.521
 ,
 231
3
0.854
 ,
 132
3
0.188

Te :
00
0
 ,
231
3
1
3
 ,
132
3
2
3
 .
The XRD density of the unit cell for the hexagonal structure has been calculated to
6.24 g/cm3 using the total number of Ge and Te atoms per unit cell and the volume of
the rhombohedral unit cell. If we now represent the hexagonal structure in the trigonal
system we obtain the structure as shown in figure 5.12(c). The lattice parameters are then
a = b = c = 0.4293 nm and α = β = γ = 58.128◦ (Schubert and Fricke, 1953).
If we know compare this structure with the cubic structure it is obvious that the trigonal
system results due to an expansion in the (111)-direction. In terms of the Peierls theory
we thus obtain long bonds in the (111) direction and short bonds in all other directions.
Hence, the trigonal structure is the Peierls distorted cubic structure of GeTe.
5.4.3 Optical properties
To study the optical properties, we prepared several films with thicknesses between 20 nm
and 250 nm on glass or silicon substrates. The measurements were performed with as
deposited samples as well with samples annealed at 200◦C (rock salt) and 400◦C (hexa-
gonal). The spectra have then been simulated using an OJL-model for the as deposited
samples and a Tauc-Lorentz model for the rock salt and the hexagonal structure. A Drude
model is furthermore incorporated to describe the free carriers in the crystalline structu-
res. Figures 5.13(a) and 5.13(b) show some of the experimental and simulated reflectance,
transmittance in the infrared and ellipsometry spectra in the visible range for the as
deposited samples.
The ellipsometry measurements were carried out at the angles 65◦, 70◦ and 75◦. The
spectra for the cubic and hexagonal samples are depicted in figures 5.13(c)-5.13(f), whe-
reas the dielectric functions are depicted in figure 5.14. The optical band gap has been
determined to 0.58 eV for the as deposited state, 0.74 eV for the rock salt phase and
0.64 eV for the hexagonal phase, respectively. Bahl and Chopra (1969) reported a band
gap energy of 0.74 eV for the hexagonal phase. Welnic (2002) compared these values with
those he obtained from ab initio calculations for the cubic and hexagonal system. For the
cubic structure, he found an optical band gap of 0.22 eV , which is much smaller then the
observed band gap. However, the band gap energy for the hexagonal structure was found
to be 0.65 eV , which is in good agreement with the observed band gap. This trend is
in contradiction with the trend we observe for the measured band gap. From the Peierls
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Abbildung 5.13: Experimental and simulated ellipsometry, reflectance and transmittance spectra
of as deposited, cubic and hexagonal GeTe thin films.
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(d) Cubic.
theory, we would expect an increase of band gap energy due to decrease of total electronic
energy upon the distortion of the cubic structure. This effect is only observed for the
calculated values. The difference between the calculated and measured band gaps may
due to the fact that different cubic systems are described. The experimental meta-stable
cubic system is obtained by annealing an amorphous thin film for 30 minutes at 200◦C
under argon atmosphere. The cubic system described by the calculations may either be
comparable to the high temperature cubic phase of GeTe. In thermodynamic equilibrium,
no stable cubic phase exists at room temperature. However, the meta-stable cubic pha-
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se does exist at room temperature. Furthermore, it is known that the DFT-calculations
usually underestimate band gap values.
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Abbildung 5.14: Dielectric functions of as deposited, cubic and hexagonal GeTe thin films.
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5.4.4 Activation barrier for the amorphous to cubic phase
transition
After we have studied the structural and optical properties of GeTe in several phases, we
will now take a look at the activation barrier for nucleation and growth, which has to
be overcome for the amorphous to cubic transition. Hence, thin GeTe films have been
deposited on glass substrates and subsequently temperature dependent electrical measu-
rements at various heating rates have been performed (see figure 5.15(a)). Applying the
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Abbildung 5.15: Determination of the combined activation barrier using the Kissinger analysis (b)
applied to temperature dependent electrical measurements at various heating rates (a) for GeTe
thin films.
Kissinger analysis (see section 3.4.1) an activation barrier for nucleation and growth of
2.18 ± 0.39 eV is determined. Table 5.7 now summarises reported values of various
Ge:Sb:Te alloys. Interesting insight into the crystallisation mechanism is obtained by
plotting the activation energies for crystallisation of several compounds along the pseudo-
binary line against the number of Ge-Te bonds. In figure 5.16 data obtained from our
measurements as well as literature data from table 5.7 are plotted as function of the
amount of Ge-Te bonds. It is noteworthy that with the exception of Ge-Te there is a clear
correlation between the activation energy for crystallisation and the amount of Ge-Te
bonds. Based on the extrapolation an activation barrier of 4.3 eV is to be expected. Howe-
ver, only a value of 2.18 ± 0.39 eV and 1.7eV are observed, respectively (see table 5.7).
The correlation between the activation energy and the number of Ge-Te bonds between
0 and 80% indicates that the kinetics of crystallisation are controlled by the energetics of
the Ge-Te bond. In addition, this result is in good agreement with several structural stu-
dies, which show a very strong preference for Ge and Te atoms to occupy different lattice
sites, i.e. A and B sites in the rock salt lattice (Coombs et al., 1995; Yamada, 1996). This
is evidence for a strong Ge-Te bond, which is apparently also related to the activation
energy for crystallisation and growth. Hence, this activation energy can be varied just by
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Material EA [eV] Tc [◦C] source
GeTe 2.18 ± 0.39 170 figure 5.15
GeTe 1.7 170
Chen et al. (1986);
Libera and Chen
(1993)
Ge4SbTe5 3.48 180
Njoroge (2001)
Ge2Sb2Te5 2.24 140
Njoroge (2001)
GeSb2Te4 1.82 131
Yamada et al. (1991)
GeSb4Te7 1.52 123
Yamada et al. (1991)
Sb2Te3 2.0 97
Chen and Kuo (1998);
Fujimori et al. (1988)
Ge 3.0 -
Blum and Feldman
(1976)
Te - 10
Chen et al. (1986)
Tabelle 5.7: The activation energy EA and the crystallisation temperature Tc of different Ge:Sb:Te
alloys.
varying the amount of Ge-Te-bonds. Even though this figure already suggests how acti-
vation energies for crystallisation and growth can be tailored by the film stoichiometry,
it does not yet provide any detailed understanding of the microscopic mechanism of cry-
stallisation. Therefore the contribution of nucleation and growth to this combined energy
has to be decoupled. Kalb (2002) has determined the activation barrier for growth by
temperature dependent wafer curvature measurements. With this method, he was able to
monitor the stress relaxation upon viscous flow. This then gave him the opportunity to
determine the activation barrier for growth. If we now apply the Johnson-Mehl-Avrami
transformation equation (see section 2.7.4), we are finally able to decouple both processes.
If the activation barrier for the amorphous to crystalline transition as is determined by the
Kissinger analysis also describes the transition for the under cooled liquid to crystalline
transition, which is generated by the amorphisation process, correctly, then correlations
as we have seen in figure 5.16 help to sort new materials into the group of fast-nucleation
or fast-growth materials.
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Abbildung 5.16: The activation energies for crystallisation of several compounds along the pseudo-
binary line against the number of Ge-Te bonds.
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6 Results II: combinatorial samples
In chapters 2, 4 and 5 we have discussed the preparation of stoichiometry libraries and the
pre-requisites for the analysis of these materials. In the previous chapter we have discussed
the physical properties of the raw materials. Hence, we now have all the ingredients to
prepare stoichiometry libraries by combining the single material vapours. In this chapter
we now want to present the data obtained from the stoichiometry libraries prepared for
the GeSbTe system.
Figure 6.1 shows a ternary diagram representing the compounds of the GeSbTe system
prepared using the concept of combinatorial material synthesis. To establish the concept
0.00 0.25 0.50 0.75 1.00
0.00
0.25
0.50
0.75
1.00
0.00
0.25
0.50
0.75
1.00
Ge
Sb
Te
GeTe
Ge
4
SbTe
5
Ge
2
Sb
2
Te
5
GeSb
2
Te
4
GeSb
4
Te
7
Sb
2
Te
3
Sb
2
Te
Abbildung 6.1: An overview of the compounds analysed.
of combinatorial material synthesis, materials along the pseudo-binary line and at the
eutectic compound Sb2Te are studied. We will first focus on the Sb2Te and Sb2Te3 binary
compounds. Then we will take a look at some ternary compounds and finally a summary
of the findings will be presented.
127
6 Results II: combinatorial samples
6.1 The compound Sb2Te
The compound Sb2Te is known from the so-called eutectic doped class of phase-change
materials. These compounds are in general doped with up to 10 at.% Ag and/or In. Alt-
hough the focus of this work is mainly on the GeSbTe system, the combinatorial concept
provides easy access to this class of materials. Hence, a Sb2Te library was prepared on
glass as well as on silicon using a rate of 0.45 nm/s for Sb and 0.24 nm/s for Te. The
evaporation sources were positioned opposite to each other both under an angle of 45◦
with respect to the sample normal (antimony on position 1 and tellurium on position 5,
see fig. 4.7). The stoichiometry was measured using the SNMS system. Figure 6.2 shows
the analysis of a thin film, which was not rotated during evaporation. The profile was
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Abbildung 6.2: SNMS profile of a statically prepared Sb2Te thin film on silicon The profile was
measured at several spots along the axis between the evaporation sources. The dashed line repre-
sent a linear fit of the stoichiometry profiles, whereas the solid line represent the stoichiometry
profiles based on basic emission laws, respectively.
measured at several spots along the axis between the evaporation sources. The stoichio-
metry gradients on the sample can be clearly seen. The Sb concentration dependence
can be described by CSb = 0.77%/mm · X + 66.8% and the Te concentration by
CTe = −0.77%/mm · X + 32.7%, respectively. Based on these fit parameters the
stoichiometry distribution has been calculated using basic emission laws. These are re-
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presented by the solid lines. For both elements the stoichiometry distribution fits well to
those measured by SNMS. This finding supports the concept presented in this work.
We will now take a look at the structural properties of Sb2Te. Figure 6.3 depicts a
grazing incidence scan of an as deposited and annealed Sb2Te sample. The as deposited
20 40 60 80
(1
,1
,1
0
)
(0
,2
,8
)
(2
,0
,6
)
(0
,2
,3
)
(1
,1
,0
)
(0
,1
,6
)
(1
,0
,3
)
C
o
u
n
ts
 [
a.
u
.]
2θ [°]
annealed
as deposited
Abbildung 6.3: XRD pattern of as deposited and annealed Sb2Te films on glass.
scan shows the broad peaks typical for the amorphous structure, whereas the peaks for
the annealed sample shows a rhombohedral structure. The attributed Miller indices, the
observed and calculated 2θ angles are listed in table 6.3. The Miller indices describe
h k l 2θobs. [◦] 2θcalc. [◦]
1 0 3 28.562 28.513
0 1 6 39.516 39.089
1 1 0 42.356 42.381
0 2 3 51.804 51.875
2 0 6 59.013 59.013
0 2 8 65.993 65.889
0 0 13 68.954 69.012
Tabelle 6.1: Miller indices, observed and calculated 2θ angles for the grazing incidence XRD
pattern of the annealed Sb2Te film in figure 6.3
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a rhombohedral structure with the lattice parameters a = 0.4262 ± 0.0007 nm and
c = 1.7677 ± 0.0029 nm, which results in the fraction c/a = 4.1. The Peierls effect
predicts a m-merisation of 9 for Sb2Te (see section 2.8).
Several temperature dependent sheet resistance measurements according to the Kissin-
ger analysis (3.4.1) have been performed to determine the combined activation barrier
for nucleation and growth. This value is an indication for the long time stability of the
amorphous phase. The measurements are shown in figure 6.4(a) and the associated Kis-
singer plot in figure 6.4(b). An activation barrier of 0.78 ± 0.06 eV is determined by
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Abbildung 6.4: Temperature dependent electrical measurements with various heating rate (6.4(a))
of as deposited Sb2Te films and the associated Kissinger analysis (6.4(b)). From the latter an
activation barrier of 0.78 ± 0.06 eV is determined.
applying the Kissinger analysis. The critical temperature for crystallisation is found to be
105 ± 10◦C. Njoroge (2001) has found an activation barrier of 3.03 ± 0.17 eV and a
crystallisation temperature Tc of 165 ± 10◦C for the Ag5.5In6.5Sb59Te29 system. Hence,
in summary we can assume that by alloying Sb2Te with Ag and In the amorphous phase
is stabilised and in consequence the crystallisation temperature shifts to higher values.
However, we have to keep in mind that both materials have been prepared using different
techniques, which may lead to slightly different amorphous states.
Now, that we have seen that we are able to produce amorphous samples and crystallise
them by annealing we want to perform crystallisation experiments at the static tester.
Figure 6.5 shows crystallisation diagrams of a Sb2Te library on glass. To interpret the data,
the change in reflectivity have been normalised to the maximum change in reflectance per
diagram. The compositions have been determined using the equations determined from the
lateral stoichiometry analysis (see figure 6.2). Hence, the sum of the amount of antimony
and tellurium is not equal to one hundred.
The minimal time for crystallisation decreases with the amount of antimony. This parti-
cular effect is depicted in figure 6.6. Figure 6.6 shows the maximum change in reflectivity
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Abbildung 6.5: Crystallisation PTE-diagrams of an as deposited Sb2Te library on glass. The red
line represents the 50% change in reflectance line.
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Abbildung 6.5: Crystallisation PTE-diagrams of an as deposited Sb2Te library on glass. The red
line represents the 50% change in reflectance line.
as function of the Sb concentration. By increasing the amount of antimony the minimal
time for crystallisation decreases over orders of magnitude and simultaneously the change
in reflection increases. If we now would extrapolate the data for the change in reflectance
we would expect a vanishing change in reflectance for Sb2Te3. In section 6.2 we will take
a look at this compound and find out if this speculation is confirmed.
6.2 The compound Sb2Te3
Like GeTe, the compound Sb2Te3 is at the end of the pseudo-binary line. The compound
was deposited using a rate of 0.42 nm/s for Sb and 0.75 nm/s for Te. The evaporation
sources were positioned opposite to each other both under an angle of 45◦ with respect to
the sample normal. The stoichiometry was measured using the SNMS system. Figure 6.7
shows the lateral stoichiometry dependence determined with SNMS for a statically prepa-
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Abbildung 6.6: The minimal time for 50% change in reflection (diamonds) as well as the maximum
change of reflectivity (circles) as function of the amount of antimony for several compounds of
the Sb2Te library. By increasing the amount of antimony the minimal time for crystallisation
decreases over orders of magnitude and simultaneously the change in reflection increases.
red sample. The profile was measured at several spots, which lay on the axis between the
evaporation sources. The stoichiometry gradients on the sample can be clearly seen. The
Sb concentration dependence can be described by CSb = 0.53%/mm ·X + 37.5% and the
Te concentration by CTe = −0.51%/mm · X + 62.0%, respectively. With a composition
of 37.5% of antimony and 62.0% of tellurium the relative evaporations rates have been
calculated with which then the stoichiometry distribution have been calculated based on
basic emission laws. These are represented by the solid lines. In contrast to Sb2Te the
calculated stoichiometry gradient is steeper than the ones measured with SNMS.
Before we take a look at the structural properties we will first study the crystallisation
diagrams. A statically prepared sample on glass has been used to write PTE-Diagrams by
the static tester (see figure 6.8). If we assume that the material, as it usually does, grows
amorphous, then we expect there to be a minimal time for crystallisation. This typically
leads to an increase in reflectance. However, for none of the compounds studied on this
library a positive change in reflectance has been observed. The upper right part of the
diagrams show the typical effect of ablation. To solve the problem we can either increase
the pulse duration parameter and search for effects at larger timescales or perform XRD
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Abbildung 6.7: SNMS profile of a statically prepared Sb2Te3 thin film on silicon. The profile
was measured at several spots, which lay on the axis between the evaporation sources. The
dashed line represent a linear fit of the stoichiometry profiles, whereas the solid line represent
the stoichiometry profiles based on basic emission laws, respectively.
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Abbildung 6.8: Crystallisation PTE-diagrams of an as deposited Sb2Te3 library on glass. Since
no positive change in reflectance occurs there is no crystallisation observed.
on an as deposited sample. Figure 6.9) now shows a grazing incidence XRD scan of a
dynamically prepared as deposited Sb2Te3 sample. It can be clearly seen that the as
deposited film is already crystalline. In the same figure a grazing incidence XRD scan of
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Abbildung 6.9: XRD pattern of as deposited and annealed Sb2Te3 films on glass. The annealed
sample was tempered 10 minutes at 180◦ in argon atmosphere.
the sample after annealing at 180◦C is depicted. It is clearly seen that due to grain growth
peaks get sharper. This grain growth is corroborated with a temperature dependent 4-
point probe measurement, which is shown in figure 6.10. The typical drastic change in
resistance due the amorphous to crystalline phase transition cannot be observed. Instead,
a smooth decrease due to grain growth is observed. In summary we can conclude that the
combined activation barrier for nucleation and growth for Sb2+xTe3−x is low. As we have
already discussed previously, the as deposited amorphous structure may be a different
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Abbildung 6.10: 4-Point probe electrical measurement of a Sb2Te3 film on glass.
one than that of the under cooled liquid. Hence, amorphisation experiments have to be
performed to test if the under cooled region is stable. Unfortunately, these experiments
have not been performed in this work. If the amorphous phase represented by either the
as deposited structure or the under cooled liquid, is not stable enough, then the Sb2Te3
alloy may not be utilised as a potential candidate for optical data storage applications.
To complete the XRD analysis of the Sb2Te3 system, the Miller indices, the calculated
and the observed 2θ angles are listed in table 6.2. The indices describe a hexagonal system
with the lattice parameters a = 0.4252 ± 0.0001 nm and c = 3.0436 ± 0.0008 nm.
The fraction c/a equals to 7.2, whereas the Peierls effect predicts a merisation factor 5.
However, in section 6.1 we saw that Sb2Te, which has a merisation factor 9, the fracti-
on c/a equals to 4.1. XRR spectra of thin as deposited Sb2Te3 determined the density
to 6.27 gcm−3. In section 2.8 we already described that the merisation scales with c/a.
However, materials like AmXn1 crystallise in the space group R3m when m is a multiple
of three (Imamov and Semiletov, 1971). Consequently, the number of layers in the unit
cell is 3m, m being the index of merisation. Since Sb2Te3 is one of these materials, this
explains why the c/a ratio is larger than for Sb2Te although the merisation is lower.
1A ∈ {As, Sb,Bi}, X ∈ {Se, Te}
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h k l 2θobs. [◦] 2θcalc. [◦]
0 0 6 17.459 17.469
0 0 9 26.307 26.333
0 1 5 28.297 28.305
1 0 10 38.352 38.339
0 1 11 40.762 40.760
0 0 15 44.631 44.622
1 0 13 45.932 45.896
0 2 7 54.242 54.232
0 2 10 58.532 58.551
1 1 15 63.215 63.311
2 0 14 66.464 66.499
2 1 7 71.092 71.067
Tabelle 6.2: Miller indices, observed 2θ and calculated 2θ angles for the grazing incidence XRD
patterns in figure 6.9.
6.3 The compound Ge2Sb2Te5
The compound Ge2Sb2Te5 is already used as the recording layer in commercially availa-
ble products such as powerful optical disk system (PD) and digital versatile disk-random
access memory (DVD-RAM). This is due to its excellent properties such as high reflecti-
vity change between the amorphous and crystalline state, its cyclability of recording and
erasing, and also its durability at room temperature. This alloy exhibits two crystalline
states, namely a meta-stable (NaCl structure) and a stable hexagonal phase. The physics
behind the good properties of this material have been studied by Friedrich (2000); Njoroge
(2001); Weidenhof (2000), and therefore offer a good opportunity to compare the samples
prepared by thermal evaporation to the sputtered samples. To study the compound two
charges with samples have been prepared. The compound was deposited using a rate of
0.12 nm/s for Sb, 0.19 nm/s for Te and 1.0 nm/s for GeTe. For the first charge the eva-
poration sources for antimony and tellurium were positioned opposite to each other both
under an angle of 45◦ with respect to the sample normal (positions 1 and 5, respectively).
The evaporation source for GeTe was positioned perpendicular to the sample at position
9. For the second charge the evaporation source for tellurium has been moved to position
7. The stoichiometry was measured using the SNMS system and is listed in table 6.3.
Figure 6.11 shows the lateral stoichiometry gradients for germanium, antimony and
tellurium according to the setup used for first charge. The coordinate system describes
the sample from the top view. The stoichiometry distribution for germanium, antimony
and tellurium according to the second setup is shown in figure 6.12. For the statically
prepared samples in the second charge, the lateral germanium concentration distribution
is almost constant at a value of approximately 27 at.-%. The antimony concentration
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first charge, first
sample
first charge, last
sample
second charge,
first sample
second charge,
last sample
Ge 27.6% 27.0% 12.2% 11.9%
Sb 23.7% 24.1% 31.5% 32.8%
Te 48.7% 48.9% 56.3% 55.3%
Tabelle 6.3: SNMS stoichiometry analysis for two charges prepared by thermal evaporation. The
first and last samples were analysed by SNMS. The first and last sample of each charge have
been prepared in dynamic mode, which results in a film having a single stoichiometry. Hence,
the position of the SNMS spot is not relevant to determine the composition.
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Abbildung 6.11: The lateral stoichiometry distribution for the statically prepared samples accor-
ding to the setup for the first charge (see (a), (b) and (c).)
distribution varies from 19 at.-% to 29 at.-%, whereas the tellurium concentration varies
between 44 at.-% and 54 at.-%. From the iso-concentration lines in figures 6.12(a), 6.12(b)
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Abbildung 6.12: The lateral stoichiometry distributions for the statically prepared samples accor-
ding to the setup for the second charge (see (a), (b) and (c).)
and 6.12(c) the effect of moving the tellurium source to position 7 can be clearly seen.
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Since the antimony and tellurium source are not opposite to each other anymore, the
iso-concentration lines thus are not parallel anymore.
6.3.1 Optical properties
A homogeneous sample from the first charge has been investigated by Henning Dieker
using spectroscopic ellipsometry. Figure 6.13 shows the dielectric function obtained by si-
mulation compared with the dielectric functions of sputtered Ge2Sb2Te5 films, which were
prepared at various Ar pressures. The evaporated sample is marked as being sputtered
at 0 Pa. The refractive index n decreases with argon pressure whereas the absorption
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Abbildung 6.13: The dielectric function of Ge2Te2Te5 sputtered at different Ar pressures. The
sample prepared by evaporation is marked as being sputtered at 0 Pa.
coefficient k increases. Hence, the optical properties of the evaporated film represents
the optical properties of a sputtered film, which is prepared at a very low argon pres-
sures. Dieker (2002) showed that the density of sputtered Ge2Sb2Te5 decreases with Ar
pressure. A change in density involves the inter atomic distances and hence the exchange
integral between two electronic orbitals changes, which leads to a change in the electronic
band structure. Thus, a change in density changes the electronic band structure, which
is reflected by a change in optical properties. This relation only yields if the macrosco-
pic density is equal to the microscopic density. Hence, we expect that the density of the
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evaporated film is higher than for sputtered Ge2Sb2Te5 films. In the next section X-ray
reflection will be employed to verify this expectation.
To precisely determine the optical band gap the sample has to be measured at energies
less than 1 eV. A rough estimation can be performed by extrapolating the left flank of the
imaginary part of the dielectric function. The energy at which the extrapolation crosses
the x-axis is the band gap. A complete description of the optical properties of Ge2Sb2Te5
is given by Detemple (2003).
6.3.2 Density and structural properties
The density and structural changes of sputtered Ge2Sb2Te5 have already been investi-
gated by Friedrich (2000); Njoroge (2001), as mentioned above. Figure 6.14 shows the
XRR spectra obtained from an as deposited film and subsequent annealing at tempera-
tures of 200◦C and 380◦C. From the shift of the total reflection edge of the annealed
films toward higher angles, it can be concluded that the as-deposited sample has a lower
density than the annealed sample since the density(%) is directly proportional to the
square of the critical angle(θc). A thickness change is evident from the change in peri-
od of the interference fringes. In the pattern for the sample annealed at 380◦C a weak
oscillation at around 2.6 degrees followed by stronger oscillations can be noticed, which
introduces some beats in the reflectivity pattern. This is an indication of a very thin
layer on top of the phase-change layer, which can only be attributed to oxidation of the
phase-change film. Quantitative information on the density, thickness and surface morpho-
logy of the films is obtained by a fitting procedure, which assumes a three layer system
(substrate/SiO2/phase-change/phase-change oxide). In table 6.4 the simulated thicknes-
ses, densities and the density obtained from sputtered Ge2Sb2Te5 films (Njoroge, 2001)
are listed. Although the thermally prepared films contain a little bit more germanium, the
d [nm] ρ [gcm−3] ρWNXRR [gcm−3] ρWNXRD [gcm−3]
as deposited 61.60 5.94 5.86 ± 0.03 –
200◦C 58.03 6.30 6.27 ± 0.02 6.28 ± 0.022
380◦C 56.68 6.47 6.39 ± 0.02 6.48
Tabelle 6.4: The simulated thicknesses, densities and the density obtained from sputtered
Ge2Sb2Te5 films by XRR and XRD (Njoroge, 2001).
density of the films prepared by thermal evaporation is slightly higher than for the density
measured by XRR for the sputtered samples. This might be explained by considering the
following thought. In the case of rock salt Ge2Sb2Te5 we expect tellurium to occupy the
A lattice sites while antimony and germanium occupy the B sites, respectively. But then
we expect 10% vacancies in the lattice. If we now offer more germanium, these atoms can
occupy the vacant sites. This would mean that the lattice does not change but the mass of
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Abbildung 6.14: The XRR patterns for Ge2Sb2Te5 samples prepared by thermal evaporation. The
thermally prepared sample was subsequently annealed at 200◦C and 380◦C for 30 minutes.
atoms is increased. Whereas the density for the film annealed at 380◦C fits very well to the
density obtained from XRD measurements. This furthermore fits to the finding of Dieker
(2002) who correlated the density of Ge2Sb2Te5 to the argon pressure as described above,
if we treat the evaporated films as being sputtered at low argon pressures.
Figure 6.15 displays some of the XRD spectra obtained from an as deposited film
and subsequent annealing at temperatures of 200◦C and 380◦C. Spectra of sputtered
Ge2Sb2Te5, measured by Njoroge (2001) are depicted in a red. Two broad peaks are ob-
served for the as-deposited film, confirming an amorphous phase. The peak at 2θ = 24◦
could not be attributed to a known diffraction pattern in the database. Since it also
can be seen in the pattern for the as deposited sample it can be attributed to the
sample holder. The XRD spectrum for the film annealed at 200◦C shows crystalline
peaks, which have been identified as a rock salt structure with a lattice parameter of
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Abbildung 6.15: The XRD patterns for thermally prepared and sputtered Ge2Sb2Te5 samples.
The thermally prepared sample was subsequently annealed at 200◦C and 380◦C for 30 minutes.
The sputtered sample was subsequently annealed at 170◦C and 380◦C, respectively.
0.6007 ± 0.0001 nm. Njoroge (2001) reported a lattice parameter of 0.6005 ± 0.005 nm
for a sputtered sample annealed at 200◦C. Hence, the observed values of the sample
prepared by thermal evaporation compare very well to the sputtered samples. The ob-
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served and calculated peak positions are tabulated in table 6.5(a). Figure 6.15 also
h k l 2θobs 2θcal
1 1 1 25.663 25.665
2 0 0 29.644 29.720
2 2 0 42.586 42.531
3 1 1 50.304 50.338
2 2 2 52.721 52.745
4 0 0 61.694 61.717
4 2 0 69.981 69.984
4 2 2 77.867 77.834
(a) rock salt structure
h k l 2θobs 2θcal
1 0 2 26.153 26.168
1 0 3 28.633 28.658
1 0 6 39.321 39.695
1 1 1 42.516 42.563
1 0 8 48.910 48.897
2 0 3 51.805 51.828
2 0 4 53.800 53.842
0 0 11 59.004 58.947
1 0 11 64.551 64.574
2 1 3 69.110 68.988
2 0 9 70.833 70.736
2 1 6 75.404 75.492
(b) hexagonal
Tabelle 6.5: The observed and calculated peak positions of an XRD measurement performed on
a sample annealed at 200◦C and 380◦C, respectively.
shows crystalline peaks identified as a hexagonal structure with lattice parameters of
a = 0.4277 ± 0.0003 nm and c = 1.7221 ± 0.0019 nm. Njoroge (2001) reported a
lattice parameter of a = 0.4223 ± 0.0001 nm and c = 1.7202 ± 0.0007 nm or a
sputtered sample annealed at 380◦C. The observed and calculated peak positions are tabu-
lated in table 6.5(b). The lattice parameters are in good agreement with values reported
by Petrov et al. (1968) of a = 0.42 ± 0.002 nm and c = 1.696 ± 0.006 nm. Petrov et al.
(1968) proposed nine stacked cyclic layers; -Te-Sb-Te-Ge-Te-Te-Ge-Te-Sb-. This is further
supported by the model proposed by Gaspard and Ceolin (1992) for determining crystal
structures of compounds on the right hand side of the Periodic table (see section 2.8).
Applying this theory to the case of Ge2Sb2Te5, the Ge, Sb and Te electron contributions
to the p band filling are 2 ∗ 2/9, 3 ∗ 2/9 and 4 ∗ 5/9, respectively. This translates to a
p filling ratio equal to 5/9. Hence a stable structure with nine layers is expected. Howe-
ver, Friedrich (2000) showed that the transition from rock salt to the hexagonal structure
cannot be explained by a simple distortion of the rock salt structure without diffusion.
Hence, the observed hexagonal structure cannot be the Peierls distorted structure. Nevert-
heless, it is worthwhile here to mention the good agreement between the observed and
predicted merisation.
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6.3.3 Temperature dependent electrical properties
The 4-point probe set-up (see section 3.4.1) was employed to measure the sheet resistance
of the films upon annealing in an argon atmosphere to avoid oxidation. Temperature de-
pendent measurements of the electrical resistance are very sensitive to the phase transition
since the resistance is changing over several orders of magnitude at the critical tempera-
ture TC . This enables a precise determination of the transition temperature. Figure 6.16
shows the temperature dependence of sheet resistance for a Ge2Sb2Te5 thin film prepared
by sputtering and thermal evaporation. The critical temperature at which the amorphous
phase is transformed into the rock salt structure is ≈ 20 K less for the sample prepared
by thermal evaporation than for the sputtered sample. Dieker (2002) showed that the
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Abbildung 6.16: The temperature dependency of sheet resistance for a thin film Ge2Sb2Te5 pre-
pared by sputtering and thermal evaporation. The critical temperature at which the amorphous
phase is transformed into the rock salt structure is ≈ 20 K smaller for the sample prepared by
thermal evaporation.
critical temperature increases with density for sputtered Ge2Sb2Te5 at constant heating
rates. However, from table 6.4 we know that the density of the films prepared by thermal
evaporation is higher then for sputtered films. Hence, we would expect a higher crystalli-
sation temperature for the films prepared by thermal evaporation, which is in contrast to
the observed temperature.
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By employing the Kissinger analysis as discussed in 3.4.1 the activation barrier for
crystallisation can be obtained. Because only a few samples can be prepared at a time
the number of samples, which is needed to perform the analysis was not available.
6.3.4 Mechanical stresses upon crystallisation.
Since the transition from amorphous to crystalline is accompanied by a change in density,
which typically lays between 5 and 10% this gives rise to enormous stresses. Hence, to
enhance the cyclability (the number of read-write-erase cycles) the stresses may play a
major role. The curvature setup, as explained in section 3.4.3, can now be used to measure
these stresses. Figure 6.17 shows the change in stress for a sputtered and an evaporated
Ge2Sb2Te5 sample upon annealing. A change in stress of 140MPa for the evaporated film
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Abbildung 6.17: Change in stress upon annealing for a sputtered (blue) and evaporated sample
upon annealing. Between 150◦C and 160◦C crystallisation occurs.
and 165MPa for the sputtered sample, respectively, is observed. However, to understand
this different stress changes we have to compare the experimental values with the change
in stress we can expect for such a change in density. We will perform this calculation for
the sputtered sample. The theoretical change in stress can be calculated using:
σth = − Ef
1 + νf
· ε .
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Ef is the elastic modulus of the thin film, νf is the Poisson ratio of the thin film and ε
is the strain. From the change in density, we can assume to be −6.5% (Pedersen, 2003).
However, the elastic modulus Ef and the poisson ratio νf are unknown values. However,
the temperature dependence of the stress is determined by the different thermal expansion
coefficient of the film αf and substrate αs:
∆σ
∆T
=
Ef
1− νf · (αf − αs)
The thermal expansion coefficient αs is well known and by fitting the data the fraction
Ef
1−νf is then found to be 50 ± 2GPa and αf ≈ 1.81 ± 0.06 · 10−5/K. Hence, if we
now assume a typical value for the Poisson ratio of ≈ 0.3, the elastic modulus Ef can
be calculate. With these values we finally can now calculate the total change in stress
upon crystallisation to be σth ≈ 1.7 GPa. This value is a factor of 10 larger then the
measured value. From this calculation we now can learn two things. First of all, there has
to be a second process, which reliefs the remaining 90% change in stress. Kalb (2002);
Pedersen (2003) showed that viscous flow of the amorphous phase cannot be responsible
for the stress relaxation. Furthermore, there is no major difference in the stress relaxation
mechanism of sputtered and evaporated Ge2Sb2Te5 thin films upon crystallisation.
6.3.5 Static tester experiments
Up to now we have seen that with the exception of the crystallisation temperature the eva-
porated Ge2Sb2Te5 samples have similar physical properties as the sputtered Ge2Sb2Te5
samples. Crystallisation PTE-diagrams give insight on the crystallisation at microscopic
time scales. A statically prepared sample on glass from the first charge has been used
to scan the stoichiometry library. The deposition time was 200s. As can be seen from
figures 6.11(a), 6.11(b) and 6.11(c) the concentration gradient is parallel to the y-axis,
which is obvious since the antimony and tellurium source are aligned along this axis.
Hence, crystallisation PTE-diagrams of stoichiometries along this line were measured Fi-
gures 6.18(a)-6.18(f)shows the change in reflectivity upon a variable crystallisation pulse
for some of the compounds in this library. To be able to compare the PTE-diagrams
the reflectivity changes are normalised (see page 50). Hence, a relative reflectance change
of 100% is then attributed to a completed transition from amorphous to crystalline. In
each diagram a red line, which marks 50-% change in reflectivity is drawn. In first order
approximation we can use this value to compare the crystallisation experiments for each
compound. For the stoichiometry Ge27.0Sb28.3Te44.7 we now can determine the minimum
time for 50-% crystallisation to be approximately 170 ns, whereas for sputtered Ge2Te2Te5
this value is approximately 200 ns (Wöltgens et al., 2001). For the other diagrams no mi-
nimum time for crystallisation could be observed for the laser power used (see figure 6.18).
Unfortunately no experiments have been performed at higher powers to determine if there
is a minimal time for crystallisation.
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Abbildung 6.18: Crystallisation PTE-diagrams of a statically prepared Ge2Sb2Te5 library accor-
ding to the first setup.
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Abbildung 6.18: Crystallisation PTE-diagrams of a statically prepared Ge2Sb2Te5 library accor-
ding to the first setup.
Besides the minimum time for crystallisation the maximum change in reflectivity is an
important property for a future candidate material for re-writable optical data-storage
applications. In figure 6.19 the maximum reflectance change as function of the tellurium
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concentration is depicted. It is observed that the maximum change in reflectivity remains
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Abbildung 6.19: The maximum change in reflectance decrease with the amount of tellurium.
constant up to 49 at.%. Then the maximum change in reflectivity decreases.
To study amorphisation of a statically prepared sample from the second charge has be-
en annealed at 200◦C for 30 minutes under Argon atmosphere. Because the stoichiometry
range on these samples do not include Ge2Sb2Te5 the results cannot be compared with
results from sputtered samples. Figures 6.20 show the change in reflectance upon irradiati-
on. The pulse, which varies from 10.0 ns to 10.0 µs in duration and from 2.53 mW to 32.93
mW in power. Based on the lateral stoichiometry distribution function (see figure 6.12)
stoichiometries along the x- and y-axis are to be analysed. However, the auto-focus during
the recording of the diagrams along the y-axis was not working well. Therefore only the
amorphisation experiments of the compounds along the x-axis are shown. The red line
marks the 5-% change in reflectivity while the black line constitutes the 10-% change in
reflectivity, respectively.
To write amorphous marks we need to melt the material. Amorphisation proceeds by
irradiating the sample with a short but powerful laser pulse and locally melts the material.
Since the pulse duration is short and the cooling rates are high, the atoms of the material
will be frozen by the rapid temperature drop and thus, we end up with an amorphous
mark. Since the most important parameter in this process is the melting temperature, the
phase diagram for the GeSbTe system is depicted in figure A.1. Unfortunately, no exact
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Abbildung 6.20: Amorphisation experiments of Ge2Sb2Te5 according to setup 2.
information about the melting temperature is known for compounds below the pseudo-
binary line. However, the melting temperature only varies between 600◦C and 650◦C for
compounds in this library near the pseudo-binary line. Hence, it is not surprising that
both the red line and black line do not change significantly in all diagrams.
The influence is better illustrated if we extract the change in reflectance as function of
pulse duration (see figure 6.21). The pulse power is kept constant at 32.92 mW. For short
pulse durations the reflectance decreases with pulse duration since more and more material
is amorphised. Between 40 ns and 100 ns the change in reflectance drops significantly
due to ablation. The compounds along the y-axis show a similar behaviour as already
mentioned above. For the compounds along the x-axis the edge where ablation starts is
shifting. However, it is very hard to understand the change in reflectance upon ablation
since only little is known about the influences of hole formation on reflectance. In the
region where amorphisation occurs no clear trend is observed which was to be expected
since the difference in melting temperature is too small.
Since the change in reflectivity is negative for both amorphisation and ablation proces-
ses, it is not easy to determine in which region of the diagram amorphisation is successful.
We know that the difference in reflectivity between rock salt and amorphous marks is
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Abbildung 6.21: Chance in reflection as function of pulse duration at constant power for stoi-
chiometries along the x-axis (a) and the y-axis (b), respectively. The power is kept constant at
32.92 mW.
roughly 9 % (Ziegler, 2000). Therefore, a 5× 5 amorphisation diagram with pulse durati-
ons of from 20 ns to 80 ns and powers from 28.4 mW to 33.0 mW is written and studied
with atomic force microscopy. With the atomic force microscope the change in topology
upon amorphisation can be seen. Figure 6.22(b) shows the 5×5 PTE-diagram. The pulse
duration increases from left to right, whereas the pulse power increases from bottom to
top. The four rows at the right side clearly show ablation. Only in the left row two marks,
which are not ablated can be recognised. During the processing of the sample a lot of dirt
accumulates on the sample so that the marks written with less power cannot be recogni-
sed. Atomic force microscopy images of the regions marked with 1. and 2., are depicted
in figure 6.3.5 and 6.3.5, respectively. Region 1 has been irradiated with a laser pulse of
20 ns and 32.95 mW. Assuming a thickness of 85nm we would expect a thickness increase
of approximately 5.5 nm due to the change in density. However, figure 6.3.5 shows an
increase in thickness of 46.4 nm, which cannot be attributed to density change. Hence,
the film has to be locally delaminated upon laser irradiation. Figure 6.3.5 shows the
remains of a region irradiated with a laser pulse of 35 ns and 32.95 mW. For sputtered
Ge2Sb2Te5 films, Thomas (2001) attributed this to argon-bubble formation underneath
a capping layer. The argon is incorporated in the sputter process. However, since this
phenomenon can also be seen for samples prepared by thermal evaporation it cannot be
explained by the argon bubble formation. Since a pulse with a duration of 35 ns and
power of 32.95 mW already ablates the irradiated region, it is obvious that the dome for-
mation is due to delamitation. An alternative method to check if the resulting structure
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Abbildung 6.22: Atomic force microscope image of a 5× 5 written amorphisation diagram.
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Abbildung 6.23: Atomic force microscope image of rock salt crystalline region irradiated with a
laser pulse of 20 ns and 35 mW.
is amorphous, is by re-crystallising the mark, which will be studied in the next section.
But this approach is not unambiguous since the delaminated regions can collapse upon
laser irradiation. Hence, to determine the structure of the delaminated mark, transmission
electron microscopy has to be performed, which was not performed in this work.
We can now use this information to better understand figure 6.21. Without the atomic
force microscopy we interpreted data such that the ablation region starts between 40 ns
and 100 ns. However, with the help of the atomic force microscope we see in figure 6.3.5
that ablation already starts at shorter times. Hence, figure 6.21 can be divided into a
region where amorphisation takes place and a region where ablation takes place. However,
due to a similar effect on the reflectivity change, it is not possible to demarcate the
boundary between amorphisation and ablation.
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Abbildung 6.24: Atomic force microscope image of rock salt crystalline region irradiated with a
laser pulse of 35 ns and 35 mW. The laser power is enough to ablate the irradiated area.
Until now we discussed crystallisation and amorphisation experiments. However, to test
a material for its usability for re-writable optical data-storage applications, we also need
to study the re-crystallisation process. Hence, re-crystallisation experiments are recorded
along the x- and y-axis of the sample and are depicted in figure 6.25.
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These figures show the change in reflectivity due to the re-crystallisation pulse. The
amorphous marks were written with a constant pulse duration of 20.0 ns and a power of
32.95 mW. To be able to compare the PTE-diagrams the change upon each recrystallisa-
tion is normalised with the mean change in reflectance due to the amorphisation pulse.
Hence, a change of reflectance upon recrystallisation of 1.0 means that a written amor-
phous region is completely erased. Whereas a change of 0.0 means that no recrystallisation
has taken place. A negative change in reflectivity is attributed to ablation. First of all,
re-crystallisation is observed for all compounds. If now we compare the qualitative beha-
viour we see an in increase of minimal re-crystallisation time with the amount of tellurium
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Abbildung 6.25: Recrystallisation measurements along the x-axis.
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Abbildung 6.26: Recrystallisation measurements along the y-axis.
incorporated in the films. However, in order to quantitatively compare the diagrams, we
need to generate identical amorphous marks for all compounds. The mean reflectivity
changes upon the amorphisation pulse are tabulated in table 6.6. It is observed that the
change in reflectance upon amorphisation varies between −0.140 and −0.089. Although
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Compound ∆Rmean σR
Ge12.8Sb28.7Te58.5 -0.140 0.028
Ge12.5Sb30.3Te57.2 -0.089 0.012
Ge12.2Sb32.0Te55.8 -0.106 0.014
Ge11.8Sb34.0Te54.2 -0.123 0.014
Ge11.5Sb36.1Te52.4 -0.132 0.014
Ge13.0Sb34.2Te52.7 -0.099 0.012
Ge12.7Sb33.4Te53.9 -0.100 0.016
Ge12.4Sb32.5Te55.1 -0.102 0.016
Ge12.0Sb31.5Te56.5 -0.117 0.019
Ge11.6Sb30.5Te57.9 -0.130 0.022
Ge11.2Sb29.4Te59.4 -0.140 0.028
Tabelle 6.6: Mean value and standard deviation of the reflectance change due to amorphisation
pulse for each recrystallisation diagram in figure 6.25.
the marks were written with similar pulse parameters the optical change in reflectance is
not constant. This variation is either due to differences in the local film thickness or in
physical properties like optical or kinetic properties. Hence, the amorphous marks are not
well defined for all compounds, which can lead to different re-crystallisation behaviour. In
summary, we have seen that we need parameters for all compounds, which produce well
defined amorphous marks in order to compare re-crystallisation diagrams. Alternatively,
we could write a set of re-crystallisation diagrams for each composition with varying pre-
pulses. This would then give access to mode of re-crystallisation for each compound under
investigation. However, this has not been performed due the enormous time consumption
this would cost.
6.3.6 Summary
In this section, we have discussed the results of two charges of Ge2Sb2Te5 stoichiometry
libraries prepared by thermal evaporation. SNMS analysis has shown that the stoichiome-
try of the first charge represents Ge2Sb2Te5 very well, whereas the second set of samples
contained not enough germanium. The optical properties have then been compared to the
optical properties of sputtered Ge2Sb2Te5 films, which were prepared at various Ar pres-
sures. We have seen that the optical properties of the evaporated film represent the optical
properties of a sputtered film, which is prepared at a very low argon pressures. Dieker
(2002) showed furthermore that the density of sputtered Ge2Sb2Te5 decreases with Ar
pressure. This effect is due to an increase of scattering processes of the sputtered particles
in the plasma at higher Argon partial pressures. Hence, the sputtered particles have less
kinetic energy when they arrive at the substrate leading to less dense films. Hence, we ex-
pect the density of evaporated Ge2Sb2Te5, where the atoms arrive with thermal energies,
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to be even lower than for sputtered Ge2Sb2Te5. However, X-ray reflectometry showed that
the density of evaporated Ge2Sb2Te5 is even higher than for sputtered Ge2Sb2Te5. This
effect may be attributed to the amorphous character of the film where the free enthalpy
G is in a broad local minimum leading a broad range of possible configurations. X-ray
diffractometry showed that the lattice parameters of evaporated and sputtered Ge2Sb2Te5
are in good agreement for both the rock salt and the hexagonal structure. Temperature
dependent electrical measurements have been performed to determine the critical tempera-
ture for the amorphous to rock salt transition. According to Dieker (2002), we would now
expect that the critical temperature would be larger than for sputtered Ge2Sb2Te5 due to
the larger density of the as deposited evaporated films. However, the critical temperature
at which the amorphous phase is transformed into the rock salt structure is ≈ 20 K lower
for the sample prepared by thermal evaporation than for the sputtered sample, which is
in contrast to the observation by Dieker (2002). Temperature dependent wafer curvature
measurements have also shown that there is no major difference in the stress relaxation
mechanism of sputtered and evaporated Ge2Sb2Te5 thin films upon crystallisation.
At the static tester, crystallisation, amorphisation, and re-crystallisation experiments
have been performed. For the stoichiometry Ge27.0Sb28.3Te44.7 the minimum time for 50-
% crystallisation is approximately 170 ns, whereas for sputtered Ge2Sb2Te5 this value is
approximately 200 ns (Wöltgens et al., 2001). For the other diagrams, no minimum time
for crystallisation could be observed for the laser power used. The maximum change in
reflectivity remains constant up to 49 at.% and decreases for higher concentrations. A sta-
tically prepared sample from the second charge has been annealed at 200◦C for 30 minutes
under Argon atmosphere to study amorphisation and re-crystallisation. We have seen that
the amorphisation diagrams are very similar for all compounds. This is correlated to a
constant melting temperature for these materials. Atomic force microscopy images of the
regions irradiated with different pulses, show an increase in thickness of 46.4 nm. This
effect cannot be attributed to the density change. Hence, the change in thickness must be
due to local delamination upon laser irradiation. For sputtered Ge2Sb2Te5 films, Thomas
(2001) attributed this to argon-bubble formation underneath a capping layer. However,
since this phenomenon can also be seen for samples prepared by thermal evaporation it
cannot be explained by the argon bubble formation. To exactly understand this pheno-
menon, it is recommended that transmission electron microscopy should be performed
in future. Re-crystallisation has been observed for all compounds. However, in order to
quantitatively compare the diagrams, identical amorphous marks for all compounds are
to be generated. Although the marks were written with similar pulse parameters, the
optical change in reflectance was not constant. In summary, we have seen that we need
parameters for all compounds, which produce well-defined amorphous marks in order to
compare re-crystallisation diagrams.
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6.4 The compound Ge4SbTe5
Among the alloys near the GeTe-Sb2Te3 pseudo-binary line is the Ge4SbTe5 composition,
which stabilises in a single crystalline phase. In this chapter the physical properties of
thermally evaporated Ge4SbTe5 thin films are presented and discussed. The results are
presented in a similar way like that of Ge2Sb2Te5 (see section 6.3). The optical spectros-
copy has been performed with the Woollam spectroscopic ellipsometer with offers the
possibility to determine the optical properties laterally resolved. This enables us to calcu-
late the local absorption coefficient, which is used to transform the pulse power in static
power experiments into absorbed power. The latter is necessary to be able to compare
single PTE-diagrams.
Similar to Ge2Sb2Te5 two charges have been prepared to produce Ge4SbTe5. The first
charge has been deposited using a rate of 0.24 nm/s for Ge, 0.10 nm/s for Sb and
0.56 nm/s for Te whereby the evaporation sources for germanium, antimony and tellurium
were positioned at positions 3, 1 and 7 respectively, under an angle of 45◦ with respect to
the sample normal. The stoichiometry analysis for this charge is listed in table 6.7(a). The
first sample last sample
Ge 28.3% 29.2%
Sb 6.5% 6.1%
Te 65.2% 64.8%
(a) first charge
first sample last sample
Ge 44.5% 45.2% 49.5% 49.2%
Sb 11.8% 11.8% 12.2% 11.8%
Te 43.7% 43.1% 38.3% 39.0%
(b) second charge
Tabelle 6.7: SNMS stoichiometry analysis for two charges prepared by thermal evaporation. The
first and last sample of each charge have been prepared in dynamic mode, which results in a film
having a single stoichiometry. Hence, the position of the SNMS spot is not relevant to determine
the composition.
first charge contained to much tellurium. Hence, a second charge has been produced with
less tellurium. For this charge the same setup was used but now with the rates 0.15 nm/s,
0.05 nm/s and 0.25 nm/s for Ge, Sb and Te, respectively. The stoichiometry is listed in
table 6.7(b).
Figures 6.27 and 6.28 show the lateral stoichiometry gradients for germanium, antimony
and tellurium according to the setups used for charge 1 and 2, respectively. For the sta-
tically prepared samples in the first charge, the germanium concentration varies between
21.0 at.-% and 38.0 at.-%, whereas the antimony concentration varies from 4.7 at.-% to
8.1 at.-%. The tellurium concentration varies between 55.0 at.-%and 73.7 at.-%. For the
statically prepared sample in the second charge the germanium concentration varies bet-
ween 37.0 at.-% and 57.4 at.-%, whereas the antimony concentration varies from 9.6 at.-%
to 14.5 at.-%. The tellurium concentration varies between 31.4 at.-% and 51.3 at.-%. For
both sorts of statically prepared samples the concentration decreases with the distance
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Abbildung 6.27: The lateral stoichiometry distributions for the statically prepared samples accor-
ding to the setup for the first charge.)
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Abbildung 6.28: The lateral stoichiometry distributions for the statically prepared samples accor-
ding to the setup for the second charge.)
from the specific evaporation source.
Unfortunately, the 4-point-probe setup was not working at the moment that these
samples were processed. Therefore we will first study the change in structural properties.
Then the lateral optical properties of a statically prepared samples, which have been
measured with the Woollam ellipsometer will be discussed more extensively. Finally, static
tester experiments are discussed for samples of both charges.
6.4.1 Density and structural properties
Figures 6.29(a) and (b) show the XRD scans and XRR patterns for the as-deposited film
and annealed at 180◦C for 10 minutes in argon ambient, respectively. The presence of
two broad peaks in the diffraction pattern of the as-deposited film adduces an amorphous
phase for the as deposited films. In figure 6.29(a) sharp peaks are observed indicating
a crystalline phase for films annealed at 180◦C. This confirms that the structural trans-
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formation from an amorphous to the crystalline state occurs below 180◦C. To precisely
measure this critical temperature, temperature dependent electrical measurement have to
be performed. As already mentioned before this setup was being revised at the moment
these samples were to be processed. Therefore no exact statements about the crystalli-
sation temperature can be given here. The peaks of the XRD pattern of the sample
annealed at 180◦C are identified with a rock salt structure implying a similar structure to
that of the meta-stable phase of Ge2Sb2Te5. Although the samples prepared by thermal
evaporation contain 6.3 at.-% less tellurium than Ge4SbTe5, the lattice parameter, which
is found to be a = 0.5972 ± 0.0002 nm, is in good agreement with that of sputtered
Ge4SbTe5, 0.5974 ± 0.0003 nm (Njoroge, 2001). Both values agree reasonably well with
that reported by Hernandez et al. (1992) of 0.600 nm. The observed and calculated peak
positions are tabulated in table 6.8. In both scans peaks can be observed at 24◦ and 51◦,
which cannot be indexed. However, since they can also be observed in the amorphous
spectrum they may be due to the sample holder. Applying the Gaspard theoretical argu-
h k l 2θobs. [◦] 2θcalc. [◦]
1 1 1 25.893 25.818
2 0 0 29.899 29.898
2 2 0 42.862 42.792
3 1 1 50.735 50.654
2 2 2 53.148 53.078
4 0 0 62.088 62.119
4 2 0 70.363 70.455
4 2 2 78.391 78.378
Tabelle 6.8: Miller indices, observed 2θ and calculated 2θ angles for the grazing incidence XRD
pattern in figure 6.29(a)
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Abbildung 6.29: XRD and XRR spectra of as deposited and annealed Ge44.5Sb11.8Te43.7 on silicon.
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ment for structure determination for the case of Ge4SbTe5, the Ge, Sb, and Te electron
contributions to the p band filling are 2 ∗ 4/10, 3 ∗ 1/10 and 4 ∗ 5/10, respectively. This
yields a p filling ratio equal to 31/60, which is very close to 1/2 implying a stable cubic
structure for Ge4SbTe5. However, the gain in total energy per atomic layer for a struc-
ture with an m-merisation of 60 is less than the thermal energy, which explains that a
m-merisation of 2 is observed. Thus the prediction of the theoretical calculation concurs
with our observation of a single rock salt structure. Njoroge (2001) showed for sputtered
Ge4SbTe5 thin films that even after annealing at 380◦C for 3 hours no structure with a
m-merisation of 60 could be observed.
The thickness and density obtained by the simulation of the XRR spectra in figu-
re 6.29(b) are listed in table 6.9 The values for the sputtered samples are given in par-
phase d [nm] ∆d [%] ρ [gcm−3] ∆ρ [%]
as deposited 104.25 0 5.54 (5.60) 0
rock salt 95 8.9 6.04 (6.12) 9.1 (9.3)
Tabelle 6.9: The simulated thickness and density values for the XRR scans in figure 6.29(b)
entheses. In summary, the evaporated samples are less dense then the sputtered samples,
which is obvious since the tellurium concentration is 6.3 at.-% less than for the sputtered
Ge4SbTe5. However, the change in density is similar!
6.4.2 Optical properties
The Woollam spectroscopic ellipsometer offers the possibility to measure ellipsometry
spectra laterally resolved. Hence, a statically prepared sample on glass from the second
charge has been measured in as deposited state and also after subsequent annealing at
180◦C. The sample has been measured at positions from (-6 mm,-6 mm) to (6 mm,6 mm)
in steps of 4 mm in x- and y-direction and at position (0,0). For each position the spectra
have been measured under 65◦, 70◦ and 75◦. To demonstrate the optical properties only
the ellipsometry spectra for the as deposited sample and after subsequent annealing at
180◦C under an angle of 75◦ are depicted in figure 6.30. The spectra are simulated using a
layer stack consisting of a thin capping layer, the phase-change layer and a glass substrate.
A Tauc-Lorentz model has been used to model the dielectric function of the phase-change
layer in the as deposited as well as the annealed samples . For the simulation of the
as deposited film the thin capping film was mainly used to enhance the fitting quality
(see figure 6.29(b)). In table 6.10 typical values for the Tauc-Lorentz parameters and the
layer stack are listed. The lateral variation of the optical properties is represented by
the standard deviation given for each fit parameter. Although the mean thickness for
the capping layer is higher for the as deposited structure this does not coincide with the
observation of the XRR scan (see figure 6.29(b)). As already mentioned above the capping
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Abbildung 6.30: Ellipsometry spectra of statically prepared sample under an angle of 75◦. Figu-
re (a) shows the spectra as deposited and figure 6.30(b) after annealing at 180◦C.
parameters as deposited annealed at 180◦
ω0 [cm−1] 29800 ± 8100 10100 ± 1600
S [cm−1] 1173 ± 125 1525 ± 168
ωτ [cm−1] 87800 ± 36600 18600 ± 4680
ωGap [cm−1] 5700 ± 608 5270 ± 300
db 3.06 ± 1.41 0.02 ± 0.02
dcapping [nm] 5.72 ± 2.14 2.65 ± 0.68
dpc [nm] 101.14 ± 5.80 91.31 ± 4.98
Tabelle 6.10: Parameters used for the Tauc-Lorentz model and layer stack to simulate the ellipso-
metry spectra of as deposited and annealed Ge4SbTe5 thin films. The annealing was performed
for 10 minutes at 180◦ in argon atmosphere.
layer is used to enhance the fit quality. To visualise the spread in parameters the dielectric
functions obtained for both structures are shown in figure 6.31. Despite the rather high
standard deviation for parameters like the resonance frequency ω0, the strength S and
the damping ωτ this does not lead to corresponding variations of the dielectric functions.
The combination of a large decrease in damping ωτ and the shift in resonance frequency
ω0 mainly explains the change in dielectric function upon crystallisation.
To demonstrate the fit quality the experimental and simulated spectra for the angles
65◦, 70◦ and 75◦ for the compound at (0,0) for the as deposited as well as the annealed thin
film is shown in figure 6.32. Now, that we have laterally resolved the optical properties, we
can study the lateral dependence of parameters like optical film thickness. Figure 6.33(a)
shows the lateral dependence of the film thickness for an as deposited Ge4SbTe5 film
determined by optical spectroscopy. In section 2.6 we have seen that we can calculate the
159
6 Results II: combinatorial samples
1
-10
0
10
20
30
40
50
d
ie
le
ct
ri
c 
fu
n
ct
io
n
Energy [eV]
2 3 4 5
(a) as deposited
1
-10
0
10
20
30
40
50
d
ie
le
ct
ri
c 
fu
n
ct
io
n
Energy [eV]
2 3 4 5
(b) crystalline
Abbildung 6.31: Dielectric functions of the as deposited (a) and annealed sample (b).
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Abbildung 6.32: Simulated and experimental ellipsometry spectra of statically prepared Ge4SbTe5
sample at the coordinate (0,0) at the angles 65◦, 70◦ and 75◦. In the left part the spectra for the
as deposited sample are shown and in the right part the spectra for the annealed sample. The
simulated spectra are represented by dotted lines.
lateral stoichiometry distribution by taking into account the thickness profiles based upon
the configuration of evaporation sources and their relative evaporation rates. We can now
rewrite equation (2.26) to calculate the relative rates from the stoichiometry
d˙i
d˙j
=
SiMi
ρi
SjMj
ρj
, (6.1)
where d˙i and d˙j are the relative rates for the elements Ei and Ej, respectively. These rates
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then can be used to calculate the thickness profile of deposited film (see figure 6.33(b)).
The thickness profiles in figures 6.33(a) and 6.33(b) do not match perfectly. However, we
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(a) Film thickness obtained by optical spec-
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Abbildung 6.33: Lateral dependence of the film thickness for an as deposited Ge4SbTe5 film
determined by optical spectroscopy (figure (a)) compared to the normalised thickness distribution
calculated from the stoichiometry and basic emission laws (see section 2.3). See text for details.
have to consider that there are several errors, which can cause this deviation:
1. The axis scales for figures 6.33(a) and 6.33(b) do not match. Figure 6.33(a) repres-
ents only a part of figure 6.33(b).
2. Figure 6.33(b) assumes that the stoichiometry is determined exactly at coordinate
(0, 0).
3. Although the ellipsometer offers very precise lateral resolution, the coordinate sy-
stem can be slightly shifted from the sample coordinate system, since the positioning
is performed manually.
4. Since the ellipsometry is performed under angles between 65◦, 70◦ and 75◦, the
illuminated area is enlarged. Therefore the actual sample area , which has been
studied is 12mm× 12mm. However, the system offers an add-on to focus the beam.
But then the spectral range is reduced due to absorption of the lenses in the focusing
system. Hence, this feature has not been used.
Hence, we can conclude that the figures 6.33(a) and 6.33(b) fit together if we assume that
the measured area represents the lower left part of figure 6.33(b).
Figure 6.34(a) shows the lateral thickness distribution for the annealed sample and
finally the relative change in thickness upon annealing is depicted in figure 6.34(b). From
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Abbildung 6.34: Lateral dependence of the film thickness for an annealed Ge4SbTe5 film determi-
ned by optical spectroscopy (a) and the relative change in thickness upon annealing (b).
figure 6.34(a) we observe a change in the thickness profile upon crystallisation. We now can
calculate the relative change in thickness upon crystallisation as depicted in figure 6.34(b).
A change in thickness, which ranges from 3.0% to 14% is observed. At the position (0, 0)
a thickness change of 10.8% is found, which is higher then the thickness change of 8.9%
measured with XRR for the dynamically prepared sample (see table 6.9). The deviation
can be due to the rather high deviation in the fit parameters (see table 6.10). Nevertheless,
under the assumption that no material is lost upon annealing, we can translate these
thickness changes to density changes. Hence, by the variation of the film composition the
change in density can be tailored.
We can now try to correlate the change in density to the stoichiometry distribution
by discussing the amount of vacancies. As we have already mentioned before, the rock
salt lattice splits up in an A and B sub-lattice. Based on Yamada et al. (1991), we can
assume that the tellurium atoms occupy the A sub-lattice and germanium and antimony
occupy the B sub-lattice. Hence, fifty percent of the atoms then have to be on A sites
and fifty percent on B sites, respectively. Hence, in the case of na atoms on the A sites,
we also need na atoms on B sides. Since there are only nb atoms on B sites, the number
of vacancies nv in the lattice then is
nv =
|na − nb|
2
. (6.2)
Figure 6.35 now shows the number of vacancies for the stoichiometries in the second
charge (see figure 6.28). If we now compare figure 6.35 to the stoichiometry distribution
in figure 6.28, we observe that the number of vacancies mainly depends on the amount
of tellurium. On the left hand side, we have almost 50% tellurium. Hence, the number
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Abbildung 6.35: The number of vacancies in percent for the stoichiometries in the second charge
calculated with equation (6.2). It has been assumed that the germanium and antimony atoms
occupy the A sub-lattice and the tellurium atoms the B sub-lattice, respectively.
of vacancies is small. Whereas, the amount of tellurium decreases on the right hand side,
which leads to an increasing number of vacancies. However, if we now try to compare
the number of vacancies with the change in density for compounds in the second charge,
no clear correlation can be observed (see figure 6.34(b)). However, for high tellurium
concentrations (x < 0) we expect less vacancies. Furthermore, we would expect the change
in density to be higher for a material with less vacancies than for a material with many
vacancies. Hence, we expect the largest density change for materials without any vacancies.
This effect can be roughly observed in figure 6.34(b). However, for materials where we
expect more vacancies, this correlation is not observed.
Besides geometrical properties like film thickness, physical properties like the band gap
and the absorption coefficient are of interest to understand and improve phase-change
materials. Figure 6.36 shows the band gap distribution for the as deposited (fig. 6.36(a))
and annealed film (fig. 6.36(b)). The change in band gap is depicted in figure 6.37(a).
However, then the sample position has to be well defined in the transmission experiment
to correlate the measured transmission spectra to ellipsometry spectra. If we compare
the band gap distributions for the as deposited and annealed library to the stoichiometry
distribution (see figure 6.28), an increase in band gap for the as deposited library correlates
roughly with the increase in the amount of tellurium. However, this correlation does not
yield for the annealed sample. However, to exactly determine the band gap it is essential
to also measure the sample in transmission. Nevertheless, the change in band gap upon
annealing is depicted in figure 6.37(a). We observe that the stoichiometries in this library
are divided in two groups. For the first group the band gap increases upon annealing,
whereas for the second group the band gap decreases. The change in band gap is closely
correlated to change in density. Figure 6.37(b) illustrates the change in band structure
as function of the reciprocal interatomic distance. Hence, as the interatomic distance
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(a) Band gap distribution in eV
for the as deposited sample.
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Abbildung 6.36: The band gap distribution for the amorphous and annealed sample. The band
gap is expressed in eV .
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Abbildung 6.37: (a): The change in band gap upon annealing in eV , which shows that the stoi-
chiometries in this library are divided in two groups. For the first group the band gap increases
upon annealing, whereas for the second group the band gap decreases. (b): Band broadening and
reduction as function of the reciprocal interatomic distance.
decreases with density, we expect the band gap to also decrease. This correlation can be
observed for the tellurium rich compounds having the largest density change. However,
on the right hand side we observe an increase in band gap, which may be correlated to
the vanishing of tail states (see section 3.4.4). In figure 6.38 the correllation between the
change in thickness and the change in band gap is depicted. However, the segregation
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Abbildung 6.38: The change in absorption and band gap as function correllated to the change in
thickness for compounds in the Ge4SbTe5 library.
of the materials under investigation into a group having a decrease in band gap and a
group having an increase in band gap is not correllated to the change in thickness upon
crystallisation. Hence, the change in band gap can not be correllated to the change in
density.
In a similar manner the absorption coefficient A, defined as 1−R− T , can be treated.
Figures 6.39(a) and 6.39(b) show the lateral absorption distribution for the amorphous
and annealed sample at the wavelength 830nm. This value corresponds to the wavelength
used by the static tester. For the amorphous sample the absorption remains constant at
0.57 ± 0.01, whereas the absorption for the annealed sample varies between 0.41 and
0.52. Although for the compounds where the change in absorption scales slightly with the
relative thickness change, no clear correlation between absorption and stoichiometry can
be observed (see figures 6.34(b) and 6.39(b)). This is quite plausible since the absorption
does not only depend on the material properties but also on geometrical properties like
the layer thickness. This effect is corroborated by figure 6.38 in which the change in
absorption is plotted as function of the change in thickness upon crystallisation.
Now, that we have seen how the absorption coefficient varies laterally we can use this
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Abbildung 6.39: The simulated absorption coefficient distribution for the amorphous and annealed
sample for wavelength of 830nm.
to interpret the static tester experiments. We can now employ the absorption coefficient
to calculate the absorbed power, which is used to crystallise, amorphise or re-crystallise
the material. For amorphous Ge4SbTe5 the absorbed power is proportional to the laser
power for all compositions in this library. However, for the annealed sample the absorbed
power will not be proportional to the laser power, which makes it hard to compare the
PTE-diagrams easily.
6.4.3 Static tester experiments
Statically prepared samples from both charges have been studied with the static tester.
We will first discuss crystallisation experiments of a sample corresponding to the first char-
ge. Figure 6.40 shows PTE-diagrams of stoichiometries along the x-axis (see figure 6.27).
As described in section 6.3.5 the diagrams are normalised to the maximum change in
reflection in order to compare the minimal crystallisation times. Since the antimony
concentration remains constant, we can now plot the minimum time to obtain 50 per-
cent change in reflectance and the maximum change in reflection upon crystallisation
as function of either the germanium or tellurium concentration (see figure 6.41). The
crystallisation time decreases with increasing amount of germanium from 350ns to 6µs.
The change in reflectivity is rather constant having values between 10% and 20%. The
amorphisation and re-crystallisation experiments have been performed with a statically
prepared sample from the second charge since the stoichiometries on this sample come
closer to Ge4SbTe5. However, we first take a look at the crystallisation experiments. Fi-
gure 6.42 shows a crystallisation PTE-diagram at the position (0,0) and a diagram from
a sputtered Ge4SbTe5 sample. In the diagram for the sample prepared by thermal eva-
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Abbildung 6.40: Crystallisation experiments of a statically prepared sample from the first charge.
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Abbildung 6.40: Crystallisation experiments of a statically prepared sample from the first charge.
poration four regions can be observed. The first region shows no effect, because the pulse
energy is not sufficient to crystallise the material. In the second region the injected energy
is sufficient to crystallise the material. The red line represents the line where 50% of the
maximum change in reflection is reached, the black line represents 75% of the maximum
reflection change, respectively. Hence, the minimum time to reach 50% change in reflec-
tance is 83 ns. The minimum time for 75% change is reached after 123 ns. In the third
region, the energy is sufficient to ablate the material. Even for short pulse durations and
high powers, a positive change in reflection (region four) can be observed, which may be
due to melt-crystallisation. This means that the material is molten by the laser pulse and
crystallises during the cooling process (see fig. 1.3(b)). Except for the melt-crystallisation,
we see an almost similar behaviour for the first and second region for the sputtered sample.
But there melt-crystallisation may occur for pulses with powers larger than 11 mW and
duration shorter than 100 ns, which has not been investigated in this work. The minimum
time to reach 50% change in reflectance is 299 ns and for 75% change in reflectance 423 ns,
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Abbildung 6.41: Minimum crystallisation time and maximum optical contrast derived from the
crystallisation experiments. The crystallisation time decreases with increasing amount of germa-
nium from 350ns to 6µs. The change in reflectivity is rather constant having values between 10%
and 20%.
respectively. Hence, depending on the presence of melt-crystallisation in sputtered samp-
les, the difference in crystallisation speeds can be either due to differences in ablation or
crystallisation processes between the sputtered and thermally evaporated sample.
Now, that we have identified the interesting pulse parameters we can scan the stoichio-
metry library. Figure 6.43 and 6.44 show the diagrams measured along the x-axis and
the y-axis of the sample, respectively. The diagram in figure 6.42(a) does not change for
pulse duration larger than 10µs, hence, this parameter is now varied from 20 ns to 10 µs.
Analogous to figure 6.42(a) the red line marks 50% of the maximum change in reflection
and the black line 75% of the maximum change in reflection, respectively. The diagrams
along the x-axis show a pronounced change in minimum crystallisation time, which is qui-
te obvious since the stoichiometry gradient is pronounced along this axis (see figure 6.28).
Despite that the stoichiometry remains almost constant along the y-axis still differences
can be observed. These differences mainly occur in the region of the melt-crystallisation.
Figure 6.45(a) shows the minimum time for crystallisation and the maximum change in
reflectance as function of the position along the x- and y-axis, respectively. The minimum
times for 50% change in reflectance are represented by red boxes for the compounds along
the x-axis and by red stars for compounds along the y-axis, respectively. The minimum ti-
me for compounds along the y-axis remains rather constant. The reason that the minimal
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sample on glass of the second charge compared to (b): a diagram for a sputtered sample. The
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the material. 2. In this region the pulse energy is sufficient to crystallise the material. The red
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sufficient to ablate the material. 4. Even for short pulse durations and high powers a positive
change in reflection can be obtained, which may be due to melt-crystallisation.
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Abbildung 6.43: Crystallisation diagrams of stoichiometries along the x-axis.
crystallisation time for the compound at position (0,0) is larger, is because the change
in reflection due to melt-crystallisation is less than 50-% (see figure 6.42). The black bo-
xes and stars represent the minimum time for 75% change in reflectance for compounds
along the x- and y-axis, respectively. Although the minimal time to reach 50% change in
reflectance remains rather constant for compounds along the y-axis, the minimum time
to reach 75% change in reflectance decreases with the position on the y-axis. if compare
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Abbildung 6.43: Crystallisation diagrams of stoichiometries along the x-axis.
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Abbildung 6.44: Crystallisation diagrams of stoichiometries along the y-axis.
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Abbildung 6.44: Crystallisation diagrams of stoichiometries along the y-axis.
this data to change in stoichiometry (see figure 6.28), we observe that along the x-axis the
amount of germanium increase, whereas the amount of tellurium decreases. The amount
of antimony remains almost constant. This agrees well with the behaviour we observe for
the minimum times in crystallisation. Along the x-axis we observed an increase of mini-
mum crystallisation times, which can thus be correlated to the exchange of tellurium with
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Abbildung 6.45: Minimum times and maximum change in reflectance upon crystallisation along
the x- and y-axis, respectively. (a): The compounds along the x-axis are represented by stars, the
compounds along the y-axis by boxes. The black curves represent the minimum times to reach
50% change in reflectance and the red curves the 75% change in reflectance, respectively. Due
to the presence of melt-crystallisation the minimum times to reach 50% change in reflectance
is constant for compounds along the y-axis. For compounds along the x-axis, we observe that
the time to reach 50% in reflection slightly decreases with the position on the x-axis. (b): The
maximum change in reflectance is depicted by stars for compounds on the x-axis and with boxes
for compounds on the y-axis, respectively.
germanium atoms. Along the y-axis the minimum to reach 75% in reflection decreases,
which may be correlated to the the exchange of antimony with germanium and tellurium.
The maximum change in reflectance increases for both compounds along the x-axis and
y-axis, respectively. The increase along the x-axis can then be correlated to the increase
of the amount of germanium, whereas the increase along the y-axis may be due to the
decrease in the amount of antimony. However, in section 3.4.4 we learned that the change
in reflectance may also depend on the film thickness. Figure 6.33(b) showed the simulated
lateral thickness distribution and there we can see that the film thickness decreases along
the x- and y-axis. Hence, the change in maximum reflectance may also be due to the
lateral change in film thickness. Thus, it is not possible to determine the dependence of
the maximum change in reflection on stoichiometry.
After annealing a statically prepared sample at 200◦C for 10 minutes, we can now
perform amorphisation experiments. Analogous to the crystallisation experiments the
library is first measured at position (0, 0). Here, we only want to show scans along the x-
and y-axis to illustrate the dependence of amorphisation on composition for this library.
The scans along the x-axis are shown in figure 6.46 and the scans along the y-axis in
figure 6.47, respectively.
In these diagrams, iso-thermal lines can be expressed as P ∝ t1/2, where P is the power
and t the time (Weidenhof, 2000). Hence, to be able to compare the diagrams the function
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Abbildung 6.46: Amorphisation experiments along the x-axis of a statically prepared Ge4SbTe5
sample. The function P = 90 · t1/2 has been plotted in each diagram to facilitate the comparison
of the diagrams.
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Abbildung 6.46: Amorphisation experiments along the x-axis of a statically prepared Ge4SbTe5
sample. The function P = 90 · t1/2 has been plotted in each diagram to facilitate the comparison
of the diagrams.
P = 90 · t1/2 has been plotted in each diagram. For the compositions along the x-axis we
see that the ablation region is shifting to higher powers and pulse durations, which is due
to the exchange of tellurium with germanium atoms. This then leads to higher melting
temperatures. Hence, more energy is needed to ablate the material. For the compositions
along the y-axis the diagrams look similar since the change in composition is rather small.
The influence is better illustrated if we depict the change in reflectance as function of the
pulse duration (see figure 6.48). The pulse power is kept constant at 32.92 mW. Similar
to the diagrams in section 6.3.5 a bend in the decrease of reflection occurs in the region
where ablation takes place. For the compounds along the x-axis, the change in reflection
decreases with the amount of tellurium for short pulse durations. For pulse durations
longer than 30 ns the behaviour is similar again. Similar to figure 6.47, the behaviour of
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Abbildung 6.47: Amorphisation experiments along the y-axis of a statically prepared Ge4SbTe5
sample. The function P = 90 · t1/2 has been plotted in each diagram for comparison.
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Abbildung 6.47: Amorphisation experiments along the y-axis of a statically prepared Ge4SbTe5
sample. The function P = 90 · t1/2 has been plotted in each diagram for comparison.
the compounds along the y-axis does not show a clear trend with composition.
As we have seen in figures 6.48(a) and 6.48(b) it is hard to find parameters to write
identical amorphous marks for all compounds in the library. Hence, to properly scan the li-
brary with the objective of comparing the re-crystallisation behaviour for each compound
the correct parameters have to be determined before each diagram is measured. Nevert-
heless, a single re-crystallisation experiment has been performed to check the ability to
re-crystallise a previously written amorphous region (see figure 6.49). The amorphous
region is written with a pulse duration of 220 ns and a power of 5.3 mW . The change
in reflectance upon amorphisation is shown in figure 6.49(a). The change in reflection
is negative as expected, but the effect is not constant. An increase in reflection upon
recrystallisation can be observed in diagram 6.49(b). For pulse parameters which inject
too much energy, the region is ablated and hence the change in reflectivity is negative.
The total effect, which is defined as the change in reflection after the amorphisation and
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Abbildung 6.48: Chance in reflection as function of pulse duration. Figure (a) shows the effect
for stoichiometries along the x-axis, figure (b) along the y-axis, respectively.The power is kept
constant at 32.92 mW.
re-crystallisation pulse is depicted in figure 6.49(c). The regions where re-crystallisation
has taken place is marked white. Although there also regions where no complete recry-
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Abbildung 6.49: Re-crystallisation experiment on a thermally evaporated sample with an amor-
phisation pulse of 220 ns and 5.3 mW . Figure (a) shows the effect due to the amorphisation
pulse. Then the amorphous region is tried to be re-crystallised with a variable pulse (see fig. (b)).
The total effect is shown in figure (c).
stallisation has taken place we can conclude that this material is able to recrystallise in
times less then 10 ns. Although the parameters for the amorphisation pulse were not well
chosen.
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6.4.4 Summary
In this section, we have discussed the results of two charges of Ge4SbTe5 stoichiometry
libraries prepared by thermal evaporation. SNMS stoichiometry analysis has shown that
the stoichiometry of the second charge represents Ge4SbTe5 very well, whereas the first
set of samples contained too much tellurium. Although, the samples of the second char-
ge contained 6.3 at.-% less tellurium than Ge4SbTe5, the lattice parameter is in good
agreement with that of sputtered Ge4SbTe5. X-ray reflectometry showed that the eva-
porated samples are less dense than the sputtered samples, which is obvious since the
tellurium concentration is 6.3 at.-% less than for the sputtered Ge4SbTe5. However, the
change in density upon crystallisation is similar. Lateral resolved spectral ellipsometry
has been employed to determine the optical properties of a statically prepared sample
on glass from the second charge as deposited state and after subsequent annealing at
180◦C. The simulation of the spectra can then be used to extract information about the
local thickness, band gap, and absorption. It has been shown that the resulting thickness
profile is comparable to the thickness profile from basic emission laws. By comparing the
thickness profile of the annealed sample to the as deposited film, the change in thickness
has been calculated. If we assume that no material is lost we can transform the change
in thickness into the change in density. Hence, the change in density was found to vary
between 3.0% and 14%. In a similar manner, the band gap and absorption have been
treated. The change in band gap upon crystallisation splits the stoichiometries in this
library into a group where the band gap increases upon crystallisation and a group where
the band gap decrease, respectively. We have seen that the increase in band gap can be
correlated to the change in density, whereas the decrease in band gap may be due to the
vanishing of tail states. The change in absorption scales slighty with the relative thickness
change. However, no clear correlation between absorption and stoichiometry could be ob-
served. Statically prepared samples from both charges have been studied with the static
tester. For a library from the first charge, we have seen that the minimum crystallisation
time decreases with increasing amount of germanium from 350 ns to 6 µs. The change
in reflectivity remained rather constant having values between 10% and 20%. A statically
prepared sample from the second charge has been analysed and compared to a sputtered
Ge4SbTe5 film. The minimal time to reach 50% was found to be 83 ns for the evapo-
rated sample and 299 ns for the sputtered sample, respectively. Hence, the evaporated
samples are much faster than their sputtered counterparts. For the evaporated samples,
melt-crystallisation can be observed. However, this was not observed for the sputtered
sample in the power range used in this work. Due to the presence of melt-crystallisation,
we have not only compared the times needed to reach 50% of the maximum reflection, but
also the times needed to reach 75% of the maximum change in reflection, to reasonably
compare the compounds. An increase of minimum crystallisation times could be correla-
ted to the exchange of tellurium with germanium atoms. A similar behaviour was found
for the amorphisation experiments. The ablation region is shifting to higher powers and
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pulse durations with the exchange of tellurium with germanium atoms, which may lead
to higher melting temperatures. Hence, more energy is needed to ablate the material. Due
to the different amorphisation properties for these compounds, only one re-crystallisation
experiment has been performed. Although, the parameters for the amorphisation pulse
were not well chosen, We can conclude that this material is able to re-crystallise in times
less than 10 ns.
6.5 The compound GeSb2Te4
Like Ge2Sb2Te5 and Ge4SbTe5, GeSb2Te4 is also one of the compounds along the pseudo-
binary line. This alloy exhibits structural properties similar to Ge2Sb2Te5. It possesses two
crystalline states, namely a meta-stable (rock salt structure) and a stable hexagonal phase.
This compound GeSb2Te4 is prepared using a rate of 0.10 nm/s for Ge, 0.27 nm/s for Sb
and 0.60 nm/s for Te. The evaporation sources for germanium, antimony and tellurium
were mounted at positions 3, 1 and 7 respectively, inclined at an angle of 45◦ with respect
to the sample normal. The stoichiometry is measured using the SNMS system and the
results are listed in table 6.11. Figure 6.50 shows the lateral stoichiometry gradients for
first sample last sample theory
Ge 7.7% 7.9% 14.3%
Sb 22.2% 21.9% 28.6%
Te 70.2% 70.4% 57.1%
Tabelle 6.11: SNMS stoichiometry analysis of a thermally evaporated GeSb2Te4 sample. The
target composition is listed in the third column. The first and last sample of each charge have
been prepared in dynamic mode, which results in a film having a single stoichiometry. Hence,
the position of the SNMS spot is not relevant to determine the composition.
germanium, antimony and tellurium according to the setup used. Hence, the Te rich side
is on the upper right side of the sample whereas the Sb rich side is on the lower left hand
side, respectively.
6.5.1 Temperature dependent electrical properties
Besides the determination of the activation barrier for nucleation and growth, the 4 point
probe is able to indicate phase transitions very accurately. Figure 6.51 shows the tem-
perature dependence of sheet resistance for a dynamically prepared sample. The curve
is compiled out of three measurements and three regions can be recognised. In the first
measurement, the as deposited sample is annealed up to 120◦C and subsequently cooled
down (black curve). In the second measurement (red curve) the sample is annealed up
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Abbildung 6.50: The lateral stoichiometry distribution calculated based on Ge7.7Sb22.2Te70.2.
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Abbildung 6.51: Temperature dependence of sheet resistance of an as deposited Ge7.7Sb22.2Te70.2
sample.
to 150◦C. At approximately 140◦C the first transition occurs. The third curve (blue cur-
ve) the sample is finally annealed up to 380◦C. Another transition occurs around 200◦C.
At higher temperatures no significant changes can be observed. To find out whether the-
se transitions were due to thickness change, structural relaxation and structural change
XRDwas performed.
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6.5.2 Density and structural properties
We now want to employ XRD to study these phase transitions. Figure 6.52 shows the XRD
patterns for a sample, which is subsequently annealed to 125◦C, 145◦C, 180◦C, 230◦C and
300◦C in Argon atmosphere for 10 minutes. Two broad peaks are observed for the sample
annealed to 125◦C, confirming an amorphous phase. At 145◦C a rock salt pattern (black
lines) with some peaks from crystalline Te (red lines) are shown. After annealing the
sample at 230◦C a hexagonal phase (blue lines) together with again Te (red lines) are
seen. The peaks from the Te phase correspond to the peaks from pure tellurium. The
rock salt pattern can be described with the lattice parameter a = 0.6018 ± 0.0005 nm,
whereas the hexagonal structure with the lattice parameters a = 0.4220 ± 0.0001 nm
and c = 4.0738 ± 0.0031 nm. The latter leads to a c/a-ratio equal to 9.65. Wamwangi
(2002) reported for sputtered samples a lattice parameter of a = 0.6021 ± 0.0002 nm
and for the hexagonal phase a = 0.422 ± 0.005 nm and c = 4.0738 ± 0.0033 nm,
which is in very good agreement with the lattice parameters for the thermally evaporated
sample. We can thus conclude that the annealed sample mainly contains GeSb2Te4 grains
with additional Te grains.
The observed and calculated peak positions for the rock salt and hexagonal structure are
tabulated in table 6.12(a) and table 6.12(a), respectively. The density and structural chan-
ges of sputtered GeSb2Te4 have also been investigated by Wamwangi (2002). Figure 6.53
shows the XRR spectra obtained from an as deposited film and subsequent annealing
at temperatures of 180◦C and 300◦C. From the shift of the total reflection edge of the
annealed films toward higher angles, it can be concluded that the as-deposited sample has
a lower density than the annealed sample since the density(%) is directly proportional to
the square of the critical angle for total external reflection (θc) (see section 3.4.2). A thick-
ness change is evident from the change in period of the interference fringes. In the XRR
pattern of the sample annealed at 300◦C a weak oscillation at around 0.6 degrees followed
by stronger oscillations can be noticed, which introduces some beats in the reflectivity pat-
tern. This is an indication of a very thin layer on top of the phase-change layer, which can
only be attributed to oxidation of the phase-change film. Quantitative information on the
density, thickness and surface morphology of the films is obtained by a fitting procedure,
which assumes a three layer system (substrate/SiO2/phase-change/phase-change oxide).
In table 6.13 the simulated thicknesses, densities and the density obtained from sputtered
GeSb2Te4 films (Wamwangi, 2002) are listed. For the sample annealed at 180◦C, we have
seen additional tellurium peaks in the XRD pattern. As we have seen before in figure 6.52
the material segregates in GeSb2Te4 and pure tellurium. Since the density of crystalline
tellurium (6.24 g/cm3) is almost equal to the density measured for sputtered rock salt
GeSb2Te4, the density for both rock salt samples are similar. However, the sample an-
nealed at 300◦C has a slightly higher density due to the additional Te. In table 6.11 we
have seen that statically prepared samples contain 13 at.-% excess tellurium. If we now
calculate the resulting density by assuming 13 at.-% Te and 87 at.-% hexagonal GeSb2Te4
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Abbildung 6.52: Grazing incidence XRD spectra of samples annealed at 125◦C, 145◦C, 180◦C,
230◦C and 300◦C. At 125◦C no crystalline phase can be seen. At 145◦C a rock salt pattern
(black lines) with some peaks from Te (red lines) are depicted. After annealing the sample at
230◦C a hexagonal phase (blue lines) together with Te (red lines) is seen. The peaks from the Te
phase correspond to the peaks from pure tellurium.
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h k l 2θobs.[
◦] 2θcalc.[◦]
1 1 1 25.651 25.619
2 0 0 29.209 29.666
2 2 0 42.495 42.452
3 1 1 50.276 50.243
2 2 2 52.644 52.644
4 2 0 69.842 69.842
4 2 2 77.670 77.670
(a) The rock salt phase
h k l 2θobs.[
◦] 2θcalc.[◦]
1 0 4 25.915 25.880
0 1 5 26.767 26.712
1 0 7 28.756 28.823
0 1 14 39.503 39.557
1 1 0 42.764 42.823
1 1 6 44.998 44.951
0 0 21 46.541 46.792
1 1 12 50.939 50.914
0 2 7 52.442 52.442
2 0 8 53.295 53.213
2 0 14 59.585 59.705
0 1 26 64.839 64.674
1 2 5 68.927 68.889
1 0 28 69.480 69.480
1 2 8 70.578 70.592
1 2 14 76.195 76.237
3 0 0 78.373 78.442
0 3 9 81.879 81.811
0 3 12 84.424 84.411
(b) Hexagonal structure.
Tabelle 6.12:Miller indices of the rock salt phase, annealed at 145◦C, and the hexagonal structure,
annealed at 300◦C.
T [◦C] d [nm] ∆d [%] ρ [gcm−3] ∆ρ [%] ρsp [gcm−3]
20 89.0 0 5.79 0 5.99
180 82.9 7.6 6.22 7.5 6.25
300 81.6 8.3 6.26 8.2 6.54
Tabelle 6.13: The simulated thicknesses, densities and the density obtained from sputtered
GeSb2Te4 films by XRR (Wamwangi, 2002).
and assuming the density for thermally evaporated hexagonal GeSb2Te4 to be similar to
that of sputtered hexagonal GeSb2Te4, we would expect a density of 6.5 g/cm3. Hence,
we expect the density of pure thermally evaporated hexagonal GeSb2Te4 to be less than
sputtered hexagonal GeSb2Te4.
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Abbildung 6.53: XRR spectra of GeSb2Te4. The oxide film thickness increases with annealing
temperature.
6.5.3 Optical properties
As already discussed in section 6.4.2 we can employ the Woolam ellipsometer to measure
ellipsometry spectra laterally resolved. A statically prepared sample on glass from the
second charge has been measured as deposited and after subsequent annealing at 180◦C.
The sample has been measured at positions from (-6 mm,-6 mm) to (6 mm,6 mm) in steps
of 4 mm in x- and y-direction and at the position (0,0). For each position the spectra have
been measured under 65◦, 70◦ and 75◦. To demonstrate the change in optical properties
only the ellipsometry spectra for the as deposited sample and after subsequent annealing
at 180◦C under an angle of 75◦ are depicted in figure 6.54. The spectra are simulated
using a layer stack consisting of a thin capping layer and the phase-change layer on top
of a glass substrate. To model the dielectric function of the phase-change layer in both
structures a Tauc-Lorentz model has been used. For the simulation of the as deposited
film the thin capping film was mainly used to enhance the fitting quality. However, no
capping layer was observed with XRR (see figure 6.53). In table 6.14 the values for the
Tauc-Lorentz parameters and the layer stack used to simulate the spectra are listed. The
lateral variation of the optical properties is represented by the standard deviation given
for each fit parameter. Compared to the fit parameters used to simulate the Ge4SbTe5
ellipsometry spectra, the deviation for the resonance frequency ω0, the strength S and the
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Abbildung 6.54: Ellipsometry spectra of statically prepared sample under an angle of 75◦. Figu-
re (a) shows the spectra as deposited and figure 6.54(b) after annealing at 180◦C.
parameter as deposited annealed @ 180◦
ω0 [cm−1] 18300 ± 1000 12700 ± 300
S [cm−1] 965 ± 31 1035 ± 13
ωτ [cm−1] 28700 ± 1600 15300 ± 700
ωGap [cm−1] 4760 ± 360 3200 ± 5
db 3.48 ± 0.19 3.828 ± 0.06
dpc [nm] 87.72 ± 5.76 80.84 ± 4.73
Tabelle 6.14: Parameters used for the Tauc-Lorentz model and layer stack to simulate the ellipso-
metry spectra of as deposited and annealed GeSb2Te4 thin films. The annealing was performed
for 10 minutes at 180◦.
damping ωτ is much smaller, which is visualised in the dielectric functions obtained for
both structures, as shown in figure 6.55. It is remarkable that upon annealing the band
gap equals to Egap = 0.40 eV for all compounds in the library, which is visualised by the
imaginary part of the dielectric functions at energies less than 1.0 eV . The combination
of a large decrease in damping ωτ and the shift in resonance frequency ω0 mainly again
explains the change in dielectric function upon crystallisation.
To demonstrate the fit quality the experimental and simulated spectra for the angles
65◦, 70◦ and 75◦ for the compound at (0,0) for the as deposited as well as the annealed thin
film are shown in figure 6.56. Now, that we have laterally resolved the optical properties,
we can study the lateral dependence of parameters like film thickness. Figure 6.57(a)
shows the lateral dependence of the film thickness for an as deposited Ge4SbTe5 film
determined by optical spectroscopy. As already described in section 6.4.2 we can use the
stoichiometry to calculate the thickness profile we would expect based on emission laws
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Abbildung 6.55: Dielectric functions of the as deposited (a) and annealed sample (b).
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Abbildung 6.56: Simulated and experimental ellipsometry spectra of statically prepared as depo-
sited (a) and annealed (b) GeSb2Te4 sample at the coordinate (0,0) at the angles 65◦, 70◦ and
75◦. In the upper part the spectra for the as deposited sample are shown and in the lower part
the spectra for the annealed sample. The simulated spectra are represented by dotted lines.
(see figure 6.57(b)). The thickness profiles in figures 6.57(a) and 6.57(b) match very well
and corroborate the concept of preparing stoichiometry libraries by thermal evaporation.
The lateral thickness distribution for the annealed sample can be calculated analogously
(see figure 6.58(a)). Finally, the relative change in thickness upon annealing is depicted
in figure 6.58(b). Although we see a similar monotonic thickness profile for the annealed
sample, the resulting relative change in thickness is not. The relative change in thickness
ranges from 4.5% to 10%.
As in the case of Ge4SbTe5, we can try to correlate the change in density to the
stoichiometry distribution by discussing the amount of vacancies. Figure 6.59 now shows
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Abbildung 6.57: Lateral dependence of (a) the film thickness for an as deposited GeSb2Te4 film
determined by optical spectroscopy compared to (b): the normalised thickness distribution cal-
culated from basic emission laws (see section 2.3).
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Abbildung 6.58: Lateral dependence of the film thickness for an annealed GeSb2Te4 film determi-
ned by optical spectroscopy (a) and the relative change in thickness upon annealing (b).
the number of vacancies for the stoichiometries in this library (see figure 6.50). If we
now compare figure 6.59 to the stoichiometry distribution in figure 6.50, we observe that
the number of vacancies mainly depends on the amount of tellurium. However, if we now
try to compare the number of vacancies with the change in density for compounds in
the second charge, we can not observe a clear correlation. A possible correllation can be
better observed in figure 6.60, where the calculated number of vacancies and the change in
thickness is depicted. The data is obtained by comparing the data from figures 6.58(b) and
6.59 pointwise. The regression coefficient is 0.48 from a weak correllation can be concluded.
This weak correllation is explained by the phase segregation upon crystallisation which
184
6.5 The compound GeSb2Te4
-1.0 -0.5 0.0 0.5 1.0
-1.0
-0.5
0.0
0.5
1.0
X [cm]
Y
 [
c
m
]
10
15
20
25
30
Abbildung 6.59: The number of vacancies in percent for the stoichiometries in the second charge
calculated with equation (6.2). It has been assumed that the germanium and antimony atoms
occupy the A sub-lattice and the tellurium atoms the B sub-lattice, respectively.
has been observed in the structural analysis. Furthermore, the correllation between the
change in band gap as well as the change in reflection and the change in thickness upon
crystallisation is depicted, which will be discussed later.
Besides geometrical properties like film thickness, physical properties like band gap
Egap and absorption coefficient A are of interest to understand and improve phase-change
materials. Figure 6.61(a) shows the band gap distribution for the as deposited film. Oppo-
site to the results obtained for Ge4SbTe5, the band gap only decreases upon annealing to
Egap = 0.40 eV for all compounds in the library (see table 6.14). It is observed that the
change in band gap correlates to the change in thickness. Hence, the change in band gap is
maximal for those compounds having the largest change in thickness (see figure 6.58(b)).
For this library, the change in reflection at the wavelength of 830 nm upon annealing has
been calculated (see figure 6.61(b), 830 nm is the wavelength used by the static tester).
Later, we will compare this with the change in reflection measured upon crystallisation at
the static tester (see section 6.5.4). These correllations are corroborated by the data de-
picted in figure 6.60. For the change in reflection and band gap as function of the change
in thickness a clear correllation to the change in thickness upon crystallisation can be
obtained from a direct comparison of the data points as well from a pointwise comparison
of the generated distributions (see figures 6.61(b), 6.61(a) and 6.58(b)).
In a similar manner the absorption coefficientA can be treated. Figures 6.62(a) and 6.62(b)
show the lateral absorption distribution for the amorphous and annealed sample at the
wavelength 830nm, respectively. For the as deposited as well the annealed sample the
absorption is laterally almost constant at 0.54 ± 0.01 and 0.40 ± 0.01, respectively.
Hence, the factor between the absorbed power and the actual laser power is almost equal
for all compounds in the as deposited as well in the annealed library. This makes it easier
to compare the static tester experiments, which are discussed in the next section.
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Abbildung 6.60: The change in reflection, band gap and the number of vacancies correllated to
the change in thickness for compounds in the GeSb2Te4 library.
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Abbildung 6.61: The band gap distribution for the as deposited sample (a) and the change in
reflection at the wavelength 830 nm upon crystallisation (b).
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Abbildung 6.62: The simulated absorption coefficient distribution for the amorphous (a) and
annealed (b) sample at the wavelength of 830nm.
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6.5.4 Static tester experiments
We will first discuss crystallisation experiments of a statically prepared sample. Then,
we will study the amorphisation experiments and finally we will take a look at some
re-crystallisation experiments.
Figure 6.63 shows PTE-diagrams of stoichiometries along the x-axis, whereas the dia-
grams along the y-axis are shown in figure 6.64. As described in section 6.3.5 the diagrams
are normalised to the maximum change in reflection in order to compare the minimal cry-
stallisation times. As in the case of Ge4SbTe5 we can divide the diagrams into four
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Abbildung 6.63: Crystallisation experiments of stoichiometries along the x-axis.
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Abbildung 6.63: Crystallisation experiments of stoichiometries along the x-axis.
regions, which represent either no effect, crystallisation, melt-crystallisation or ablation.
The diagrams along the x-axis show a pronounced change in minimum crystallisation time
due to the pronounced stoichiometry gradient along this axis (see figure 6.50). Despite
a less steep stoichiometry gradient along the y-axis, we still observe changing crystallisa-
tion properties. Although the change in reflectance upon ablation varies, we see first of
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Abbildung 6.64: Crystallisation experiments of stoichiometries along the y-axis.
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Abbildung 6.64: Crystallisation experiments of stoichiometries along the y-axis.
all that the region where ablation starts, is the same for all compounds. Furthermore, we
see for compounds along both axes that the region of melt-crystallisation vanishes behind
the ablation boundary. Figure 6.65 shows the minimum time for crystallisation and the
maximum change in reflectance as function of the position along the x- and y-axis, respec-
tively. If we take a closer look at the stoichiometry dependency of the melt-crystallisation
region in figures 6.63(a)-6.63(f), we see that this region, starting at 20 ns, slowly shifts
to higher times. If this incubation time is smaller than the time needed to ablate the
material, this mode of crystallisation can obviously take place. Hence, this vanishing of
the melt-crystallisation region is due to an increase in incubation time such that ablation
occurs earlier. For the crystallisation region below 10 mW, the minimum time for crystal-
lisation increases. Since the temperatures, generated by these pulse parameters, are less
than in the region where melt-crystallisation occurs, it takes longer to form the critical
amount of critical nuclei and hence, the minimum crystallisation times are automatically
larger. Besides diagrams along the x- and y-axis, a PTE-diagram has been measured in
each quadrant. The resulting minimal times for 50% change in reflectance and the maxi-
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mum change in reflectance are compiled in figure 6.65(a) and figure 6.65(b). The minimal
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Abbildung 6.65:Minimal time to reach 50% change in reflection in nano seconds and the maximum
change in reflectance upon crystallisation.
times for 50% change in reflectance are minimal for compounds at the lower left side and
maximal for those at the upper right side, respectively. To better understand what this
observation means in terms of composition we have depicted the stoichiometry distributi-
on (see figure 6.50) in a ternary diagram (see figure 6.66). The blue area represents the
compounds in the library. The red arrows correspond to the coordinate system as defined
in section 4.2 has been drawn into the figure to help combining minimal times for cry-
stallisation and stoichiometry. We now see that the compounds in the direction (−1,−1)
have small crystallisation times. As we see from figure 6.66 these are the materials close
to the pseudo-binary line. Hence, the further the materials are from the pseudo binary
line, the longer the crystallisation times get. This result now supports the thought that
especially the materials along the pseudo binary line apply for re-writable optical data
storage media very clearly. This example points out very clearly how the combinatorial
synthesis approach can be used deployed to understand and even discover new materials.
However, other compounds can have also good properties and are even superior to the
compounds along the pseudo-binary line. And thus, there is still a need for guidelines to
direct future research work. However, the crystallisation process is for industry only of
interest to initialise freshly sputtered disks. Nevertheless, this insight is of great interest
to push the limits of next generation optical data storage media. A similar effect is seen
for the maximum change in reflection where we observe that the contrast decreases with
the distance to the pseudo-binary line. Hence, these materials are not only fast, they even
have a higher contrast which is good to keep the signal to noise ratio low.
We can now compare the contrast depicted in figure 6.65(b) to the lateral contrast
distribution obtained by optical spectroscopy (see figure 6.61(b)). Although the maximum
contrast values are at different positions, we observe a similar behaviour for the contrast
by both techniques if we take into account that the analysed sample area is not the
190
6.5 The compound GeSb2Te4
0.00 0.25 0.50 0.75
0.00
0.25
0.50
0.75
1.00
0.25
0.50
0.75
Sb
2
Te
Te
Sb
Ge
GeTe
TeGe
4
Sb
1 5
Ge
2
Sb
2
Te
5
Sb
2
Te
3
GeSb
2
Te
4
GeSb
4
Te
7
x
y
Abbildung 6.66: Ternary diagram to illustrate the stoichiometry distribution on the sample. The
x- and y-axis (red coloured) represent the coordinate system defined in section 4.2.
same and at the same sample position. The shift is due to the manual positioning at
the spectroscopic ellipsometer. In the next section we will discuss amorphisation and re-
crystallisation experiments, which are the relevant processes, once the disk is initialised.
Amorphisation diagrams have been carried out similarly as forGe2Sb2Te5 andGe4SbTe5
(see sections 6.3.5 and 6.4.3, respectively). The results are summarised in figure 6.67, whe-
re the change in reflectance as function of the pulse duration at a constant power of
32.92 mW is depicted. We observe that in general the behaviour of the change in reflec-
tance is similar for all compounds. For those along the x-axis, a shift in the ablation edge
is observed. Along the x-axis we see that the germanium concentration remains constant.
Hence, we would assume that the shift of the ablation edge is due to the ratio of antimony
and tellurium concentrations. However, along the y-axis these ratios are similar, the ab-
lation edge does not shift. Hence, it is not possible to attribute this shift to composition.
However, the general increase in the change in reflection for pulse durations less then
20 ns can be attributed to the increase of the amount of tellurium.
Now, that we have discussed amorphisation experiments we want to take a look at
re-crystallisation. In section 3.3 we already mentioned that there two strategies for re-
crystallisation experiments for a stoichiometry library. The first strategy utilises a fixed
amorphisation pulse and tries to re-crystallise the compositions with a variable pulse. Ano-
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Abbildung 6.67: Change in reflection as function of pulse duration. The power is maintained at a
constant value of 32.92 mW.
ther strategy is to perform a set of experiments with variable pre-pulse parameters for each
composition. We can then assume that the amount of amorphous material to be recrystal-
lised scales with the pre-pulse parameter. Hence, from the change in re-crystallisation we
can then conclude if material belongs to the group of fast-nucleation or to the group of
fast growth materials. In the case of the latter group we expect that the minimal times to
re-crystallise scales with the pre-pulse parameters, whereas for the group of fast-nucleation
materials we do not expect such a size effect. In the next part we want to demonstrate
the strategy, which is based on the mechanism of re-crystallisation determination strategy.
However, the expense to perform these mechanism determination experiments is a factor
of five higher for a complete scan along both axis. Hence, we will perform this strategy
only exemplary.
To determine the mechanism of re-crystallisation, PTE-diagrams with a variable pre-
pulse have been measured. The pre-pulse power has been kept constant at 21 mW, whereas
the pulse duration was chosen to be 10 ns, 15 ns, 20 ns, 25 ns, 40 ns and 80 ns. The
mean change in reflectance is depicted in figure 6.68. The reflectance decreases with
pulse duration, which is due to an increase in the amount of amorphous material in the
crystalline matrix. The large change in reflectance for the pulse with 80 ns is due to
ablation. After writing the pre-pulse, the marks are subsequently erased by a variable
re-crystallisation pulse. With the exception of the 80 ns pulse, figure 6.69 shows the total
effect as well the re-crystallisation pulse for pre-pulses as described above. The effect of the
re-crystallisation pulse has been normalised to the maximum change in reflection. Hence,
we are able to decouple the effect of the pre-pulse and the re-crystallisation pulse.
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Abbildung 6.68: The mean change in reflectance due to the pre-pulse in re-crystallisation experi-
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Abbildung 6.69: Effect of the recrystallisation pulse (a) and the total effect (b) upon a pre-pulse
of t = 10 ns and 21 mW.
With increasing pre-pulse duration, we observe that the maximum change in reflectance
decreases. Hence, the pre-pulse is powerful enough to already ablate some material. To
decide if this material is a fast-growth or a fast-nucleation material, we have to observe
how the region of re-crystallisation changes in proportion to the pre-pulse. In the case
of fast-nucleation materials we expect this region to be independent on the pre-pulse.
Whereas, for fast-growth materials a shift of the re-crystallised region is expected. However,
we do not observe a minimal time for re-crystallisation for all diagrams in figure 6.69.
However, based on these results and the experimentally accessible pulse duration range,
it is not possible to decide whether this material is a fast-growth or a fast-nucleation
material. Heinrici (2002) showed that sputtered GeSb2Te4 is a fast nucleation material.
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Abbildung 6.69: Effect of the recrystallisation pulse (c) and the total effect (d) upon a pre-pulse
of t = 15 ns and 21 mW .
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Abbildung 6.69: Effect of the recrystallisation pulse (e) and the total effect (f) upon a pre-pulse
of t = 20 ns and 21 mW.
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Abbildung 6.69: Effect of the recrystallisation pulse (e) and the total effect (f) upon a pre-pulse
of t = 20 ns and 21 mW.
Nevertheless, in summary we have shown that thermally evaporated GeSb2Te4 based
compounds are able to crystallise in 30 ns and re-crystallise in less then 10 ns. From
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Abbildung 6.69: Effect of the recrystallisation pulse (i) and the total effect (j) upon a pre-pulse
of t = 40 ns and 21 mW.
temperature dependent 4-point-probe measurements a transition temperature of 140◦C is
determined and thus we have a material with a stable amorphous state and also excellent
kinetic properties.
6.5.5 Summary
In this section, we discussed the results of GeSb2Te4 stoichiometry libraries prepared by
thermal evaporation. Temperature dependent electrical measurements have determined
a transition temperature of 140◦C for the amorphous to rock salt and 200◦C for the
rock salt to hexagonal transition, respectively. These transitions are corroborated by X-
Ray diffractometry of samples annealed at various temperatures. The lattice parameters
of the structures observed are in good agreement to the lattice parameters of sputtered
GeSb2Te4. With the exception of the as deposited sample, peaks, which can be attributed
to pure tellurium are observed in all patterns. Similar to Ge4SbTe5, we have studied the
optical properties of an as deposited stoichiometry library and after subsequent annealing
at 180◦. The thickness profiles based upon the simulated thickness parameter match very
well to the profile obtained from basic emission laws. This finding thus corroborates the
concept of preparing stoichiometry libraries by thermal evaporation. The relative change
in thickness upon annealing is found to range between 4.5% and 10% for the compounds
in this library. We have seen that the change in thickness roughly correlates with the
number of vacancies. A similar treatment shows that the change in band gap is maximum
for those compounds having the largest change in thickness. In contrast to the results
obtained for Ge4SbTe5, the band gap only decreases upon annealing to Egap = 0.40 eV
for all compounds in the library. The absorption was found to be almost constant for the
as deposited as well as the annealed sample. The change in reflection at the wavelength
of 830 nm upon annealing has been compared to the change in reflection measured upon
crystallisation at the static tester. It was found that the change in band gap correllates
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to the change in thickness.
At the static tester, we have seen that compounds close to GeSb2Te4 have the longest
crystallisation times. We observe that the minimal times for crystallisation increases with
the distance from the pseudo-binary line, whereas the maximum change in reflection
decreases with the distance to the pseudo-binary line, respectively. This result corroborates
the empiric rule that especially the materials along the pseudo binary line apply for re-
writable optical data storage media. However, as we have seen also other compounds have
good properties and are even superior to the compounds along the pseudo-binary line.
The maximum optical contrast was shown to resemble the contrast obtained by optical
spectroscopy taking into account that the both coordinate system are shifted against each
other. Furthermore, it is surprising that this fast material segregates upon crystallisation
into GeSb2Te4 and tellurium. Hence, the crystalline phase does not necessarily have to
have a single phase, as has been expected until now. From amorphisation experiments, we
have observed that in general the change in reflectance is similar for all compounds. The
change in reflection for pulse durations less then 20 ns increases with of the amount of
tellurium. Re-crystallisation experiments have been performed in order to determine the
mechanism of re-crystallisation for a single compound. However, due to the experimentally
accessible pulse duration range, we did not observe a minimal time for re-crystallisation
for the compounds under investigation. It was therefore not possible to check whether the
evaporated GeSb2Te4 is also a fast nucleation material.
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7.1 Summary
In this work, we have introduced a concept, which assists the search for new phase-change
materials. The concept is based on combinatorial material synthesis, which is a prescript
for high-efficiency methods to create and screen ‘libraries’ of materials. These compositions
can then be tested systematically in parallel for specific properties of interest, in contrast to
time-consuming one-composition-at-a-time approaches. To translate this concept to phase-
change media, we need to prepare multi-stoichiometry samples (libraries) and analyse
them with regard to their physical properties such as the minimal crystallisation time or
optical contrast. To obtain phase-change libraries we need to prepare samples containing
multiple stoichiometries. An easy way of preparing such samples is to produce samples
with defined lateral stoichiometry gradients.
In this work, we have designed a preparation system in which stoichiometry libraries
are prepared using thermal evaporation. By employing Knudsen type evaporation sources,
basic emission laws can be used to describe the thickness profiles. We have seen that
mounting the evaporation sources at an angle of 45 degrees leads to thickness gradients,
while homogeneous film thickness can be obtained by rotating the sample during prepara-
tion. The gradients have been measured using a combination of optical lithography and
atomic force microscopy. It has been observed that the thickness gradients of Antimony
and Tellurium are in good agreement with the values calculated from basic emission laws.
By superimposing the vapours of several Knudsen cells, stoichiometry libraries can be
obtained, which are required for the combinatorial synthesis. A Secondary Neutral Mass
Spectroscope was used to verify the stoichiometry of the libraries. A static tester screened
the libraries for minimum crystallisation times and optical contrast. The homogeneous
samples have also been analysed by techniques like X-ray reflection and diffraction, op-
tical spectroscopy or temperature dependent electrical measurements. These techniques
give insight into the structural, electronic, and optical changes upon crystallisation and
the kinetics of the phase transition to corroborate and interprete the screening at the
static tester.
The GeSbTe ternary system has been chosen (i) for the proof of concept since much
literature is available for compounds of this system and (ii) to optimise and study the
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effect of stoichiometry on the fundamental properties of these libraries. Therefore, germa-
nium, antimony, tellurium, and GeTe have been used as evaporant materials for which a
summary of the results is summarised here. The germanium films grow amorphous and
have an optical band gap of 0.91 ± 0.10 eV . The optical and structural properties of
the evaporant materials are presented in table 7.1. Both Antimony and Tellurium grow
Egap Structure
[eV ] a [nm] c [nm] Struct. Notes
Ge 0.91 ± 0.10 - - a. No crystalline phase could
be seen with XRD after an-
nealing the samples up to a
temperature of 450◦ C
Sb - 0.4309 1.1245 hcp As deposited.
Te - 0.4454 0.5915 hcp As deposited
GeTe 0.581 - - a. As deposited
0.741 0.5922 - r.s. After annealing at 200◦ for
10 minutes. Traces of a
rhombohedral phase are pre-
sent
0.651 0.8328 1.0649 hcp After annealing at 400◦C for
10 minutes.
Tabelle 7.1: Summary of the structural properties of the evaporant materials.
in rhombohedral structure. For GeTe we have seen that the hexagonal structure can be
represented by a trigonal system, which is obtained from the rock salt structure by an ex-
pansion in the (111)-direction. Hence, the trigonal structure is the Peierls distorted cubic
structure of GeTe. Welnic (2002) compared the experimental optical band gap with those
obtained from ab initio calculations for the cubic and hexagonal system. For the cubic
structure, an optical band gap of 0.22 eV was obtained, which is much smaller than the
observed band gap. However, the band gap energy for the hexagonal structure was found
to be 0.65 eV , which is in good agreement with the observed band gap. To characterise
the stability of the amorphous phase, temperature dependent electrical measurements at
various heating rates have been performed. By applying the Kissinger analysis, an activa-
tion barrier for nucleation and growth of 2.18 ± 0.39 eV is determined. We compared
this value to reported values of various Ge:Sb:Te alloys. It was found that the activation
energy correlates with the number of Ge-Te bonds between 0 and 80%. This indicates
that the kinetics of crystallisation is controlled by the energetics of the Ge-Te bond.
With these evaporants, we have then prepared binary and ternary stoichiometry libra-
ries. The density and structural properties of the materials presented in this work are
1Welnic (2002)
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summarised in table 7.2. The first compound of interest was Sb2Te, which is known from
ρ Structure
[gcm−3] a [nm] c [nm] Struct. Notes
Sb2Te - 0.4262 1.7677 hcp. After annealing at 200◦ for
10 minutes.
Sb2Te3 - 0.4252 3.0436 hcp. As deposited.
Ge2Sb2Te5 5.94 - - a. as deposited
6.30 0.6007 - r.s. After annealing at 200◦ for
10 minutes.
6.47 0.4277 1.7221 hcp After annealing at 380◦ for
10 minutes.
Ge4SbTe5 5.54 - - a. As deposited
6.04 0.5972 - r.s. After annealing at 200◦ for
10 minutes.
GeSb2Te4 5.79 - - a. As deposited
6.22 0.6018 - r.s. After annealing at 180◦ for
10 minutes. Traces of a Te
phase are present
6.26 0.4220 4.0738 hcp. After annealing at 300◦ for
10 minutes. Traces of a Te
phase are present
Tabelle 7.2: Summary of the structural properties of the compound materials.
the so-called eutectic doped class of phase-change materials. These compounds are in ge-
neral doped with up to 10 at.% Ag and/or In. Although, the focus of this work is mainly
on the GeSbTe system, the combinatorial concept provides easy access to this class of
materials and hence samples were prepared to enlarge our knowledge base. The x-ray dif-
fraction pattern of an annealed sample was assigned to a rhombohedral structure. Sb2Te3
was also prepared for the same reason. However, this material was already crystallised
after deposition in a hexagonal system. Analogous, ternary compounds like Ge2Sb2Te5,
Ge4SbTe5 and GeSb2Te4 have been prepared. All of these compounds grow amorphous.
At elevated temperatures they typically crystallise into a metastable rock salt structure.
At even higher temperatures, some of the materials even crystallise into a stable hexagonal
phase. The lattice parameters for all compounds fit very well with those of the sputtered
equivalents.
Optical spectroscopy was employed to study the change in optical properties upon
crystallisation and to corroborate static tester experiments. For Ge2Sb2Te5, we have com-
pared the optical properties to those of sputtered Ge2Sb2Te5 films prepared at various
Ar pressures. We have seen that the optical properties of the evaporated film represent
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the optical properties of a sputtered film, which is prepared at a very low argon pressures.
Which is plausible since no Argon is involved in the evaporation process. However, the
following very interesting differences in properties of sputtered and evaporated Ge2Sb2Te5
were observed:
• Dieker (2002) showed that the density of sputtered Ge2Sb2Te5 decreases with Ar
pressure. This effect is due to an increase of scattering processes of the sputtered
particles in the plasma at higher Argon partial pressures. Hence, the sputtered
particles arriving at the substrate have less kinetic energy, which leads to less dense
films. Hence, we expect the density of evaporated Ge2Sb2Te5, where the atoms even
arrive at thermal energies, to be even lower than for sputtered Ge2Sb2Te5. However,
X-ray reflectometry showed that the density of evaporated Ge2Sb2Te5 is even higher
than for sputtered Ge2Sb2Te5. This effect may be attributed to the amorphous
character of the film where the free enthalpy G is in a broad local minimum leading
a broad range of possible configurations.
• X-ray diffractometry after annealing showed that the lattice parameters of evapora-
ted and sputtered Ge2Sb2Te5 are in good agreement for both the rock salt and the
hexagonal structure.
• Temperature dependent electrical measurements have been performed to determi-
ne the critical temperature for the amorphous to rock salt transition. According
to Dieker (2002), we would now expect the critical temperature to be higher than
for sputtered Ge2Sb2Te5 due to the larger density of the as deposited evaporated
films. However, the critical temperature at which the amorphous phase is transfor-
med into the rock salt structure is ≈ 20 K lower for the sample prepared by thermal
evaporation than for the sputtered sample, which is in contrast to the observation
by Dieker (2002).
Ge4SbTe5 has been analysed optically after deposition and after subsequent annealing at
180◦C. The results can be summarised as follows:
• It has been shown that the resulting thickness profile is comparable to the thickness
profile from basic emission laws. By comparing the thickness profile of the annealed
sample to the as deposited film, the change in thickness has been calculated. Based
on the change in thickness, the change in density was found to vary between 3.0%
and 14%.
• In a similar manner, the band gap and absorption have been treated. The change
in band gap upon crystallisation splits the stoichiometries in this library into a
group where the band gap increases upon crystallisation and a group where the
band gap decreases, respectively. We have seen that the increase in band gap can be
correlated to the change in density, whereas the decrease in band gap may be due to
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the vanishing of tail states. The absorption scales slightly with the relative thickness
change. However, no clear correlation between absorption and stoichiometry could
be observed.
For GeSb2Te4 the thickness profiles based upon the simulated thickness parameter mat-
ches again very well to the profile obtained from basic emission laws.
• The relative change in thickness upon annealing is found to range between 4.5% and
10% for the compounds in this library.
• We have seen that the change in thickness roughly correlates with the number of
vacancies.
• A similar treatment of the change in band gap shows that this is maximum for those
compounds having the largest change in thickness. In contrast to the results obtained
for Ge4SbTe5, the band gap only decreases upon annealing to Egap = 0.40 eV for
all compounds in the library.
• The absorption was found to be almost constant for the as deposited as well the
annealed sample.
• The change in reflection at the wavelength of 830 nm upon annealing has been
compared to the change in reflection measured upon crystallisation at the static
tester.
• It was found that the change in band gap correlates to the change in thickness.
With the knowledge of the macroscopic analysis we then focused on the microscopic
analysis by performing crystallisation, amorphisation, and re-crystallisation experiments
at the static tester. For the stoichiometry Ge27.0Sb28.3Te44.7 the minimum time for 50-
% crystallisation is approximately 170 ns, whereas for sputtered Ge2Sb2Te5 this value
is approximately 200 ns (Wöltgens et al., 2001). We have seen that the amorphisation
diagrams are very similar for all compounds. This is correlated to a constant melting
temperature for these materials. Atomic force microscopy images of the regions irradia-
ted with different pulses, show an increase in thickness of 46.4 nm. This effect cannot
be attributed to the density change. Hence, the change in thickness must be due to lo-
cal delamination upon laser irradiation. For sputtered Ge2Sb2Te5 films, Thomas (2001)
attributed this to argon-bubble formation underneath a capping layer. However, since
this phenomenon can also be seen for samples prepared by thermal evaporation it cannot
be explained by argon bubble formation. To exactly understand this phenomenon, it is
recommended that transmission electron microscopy should be performed in the future.
Re-crystallisation has been observed for all compounds in this library. However, in order
to quantitatively compare the diagrams, identical amorphous marks for all compounds
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are to be generated. Although, the marks were written with similar pulse parameters,
the optical change in reflectance was not constant. In summary, we have seen that we
need parameters for all compounds, which produce well-defined amorphous marks in or-
der to compare re-crystallisation diagrams. In an analogous manner, statically prepared
Ge4SbTe5 has been studied. We have seen that the minimum crystallisation time increa-
ses with increasing amount of germanium from 350 ns to 6 µs. The change in reflectivity
remained rather constant having values between 10% and 20%. The minimal time to reach
50% was found to be 83 ns for an evaporated sample and 299 ns for a sputtered sample,
respectively. Hence, the evaporated samples are much faster than their sputtered counter-
parts. However, for the evaporated samples melt-crystallisation can be observed, which
was not observed for the sputtered sample in the power range used. Due to the presence
of melt-crystallisation, we have not only compared the times needed to reach 50% of the
maximum reflection, but also the times needed to reach 75% of the maximum change
in reflection, to reasonably compare the compounds. An increase of minimum crystalli-
sation times could be correlated to the exchange of tellurium with germanium atoms. A
similar behaviour was found in amorphisation experiments. The ablation region shifts to
higher powers and pulse durations with the exchange of tellurium with germanium atoms,
which may lead to higher melting temperatures. Hence, more energy is needed to ablate
the material. Due to the different amorphisation properties for these compounds, only
one re-crystallisation experiment has been performed. Although the parameters for the
amorphisation pulse were not well chosen, we can conclude that evaporated Ge4SbTe5 is
able to re-crystallise in times less than 10 ns. For the GeSb2Te4 library, we have seen that
compounds close to GeSb2Te4 have the shortest crystallisation times. We observe that the
minimal time for crystallisation increases with the distance from the pseudo-binary line,
whereas the maximum change in reflection decreases, respectively. This result corrobora-
tes the empirical rule that especially the materials along the pseudo binary line apply for
re-writable optical data storage media. The maximum optical contrast determined by the
static tester was shown to resemble the contrast obtained by optical spectroscopy taking
into account that both coordinate system are shifted against each other. Furthermore, it
is surprising that this fast material segregates upon crystallisation to GeSb2Te4 and tellu-
rium. Hence, the crystalline phase does not necessarily have to be a single phase in order
to have fast crystallisation times, as has been expected until now. From amorphisation
experiments, we have observed that in general the change in reflectance is similar for all
evap. tmin [ns] sput. tmin [ns]
Ge2Sb2Te5 170 200
Ge4SbTe5 83 299
Tabelle 7.3: Minimum time for crystallisation of the compound materials prepared in this work
in comparison to values known from sputtered equivalents.
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compounds. The change in reflection for pulse durations less than 20 ns increases with of
the amount of tellurium. Re-crystallisation experiments have been performed in order to
determine the mechanism of crystallisation for a single compound. However, due to the
experimentally accessible pulse duration range, we did not observe a minimal time for
re-crystallisation for the compounds under investigation. It was therefore not possible to
confirm whether the evaporated GeSb2Te4 is also a fast nucleation material.
Finally, we may summarise that the phase-change materials investigated in this work
have properties comparable to those of their sputtered equivalents. We have shown that
not only well-known materials can be prepared, even arbitrary materials can be prepared
and screened for their properties. This corroborates with the conventional thought that
the materials along the pseudo binary line are suitable for re-writable optical data storage
applications. However, we have seen that also other compounds have good properties and
in other regimes of the ternary diagram there may even be yet unknown materials having
superior properties than those along the pseudo-binary line. In addition, we have observed
a paradigm change because non-single phase material also show faster crystallisation times
than their single phased counterparts.
7.2 Suggestions for future work
Future work will definitely aim at the use of new materials. However, to successfully ap-
ply combinatorial material synthesis, guidelines are needed to direct the quest for fast
phase-change materials. We have seen that simple models like the number of vacancies
and the Peierls effect are not sufficient to describe the stoichiometry dependence on the
density change upon crystallisation. Nevertheless, the role of structure will still play a key
role in understanding phase-change materials. Applying the Peierls effect has shown, that
most of the structures observed can be predicted. However, this theory assumes that the
bonding is determined by the p-electron bonding. Hence, it is important to know which
compounds prefer sp-bonding to p-bonding. This knowledge will then knock-out possible
material combinations and reduce the number of possible candidate elements to be used.
These selection rules are based on energetic arguments. However, kinetics also plays a
major role. Hence, a further criterion for the search for new materials is to identify fast
growth materials which are prefered by the industry. This class of materials has the ad-
vantage that the re-crystallisation times scale with the size of the amorphous region. The
physical properties, which decide if a material is a fast-growth or a fast-nucleation mate-
rial, are the activation barriers for nucleation and growth. Hence, new procedures have
to be developed at the static tester to rapidly screen materials for their re-crystallisation
mechanism. Unfortunately, the temperature dependence of the viscosity changes drama-
tically above the glass transition temperature, which is reflected in a strong temperature
dependence of the activation barrier for growth. Furthermore, it has to be noticed that
the activation barriers determined by the methods described above, describe the amor-
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phous to crystalline transition. However, the amorphous region is obtained by quenching
a liquid and thus is an under cooled liquid. Hence, the activation barriers for growth and
nucleation for the under-cooled liquid to crystalline transition have to be determined, in
order to correctly apply the Johnson-Mehl-Avrami transformation equation. If these pro-
perties can then be correlated to stoichiometry, the mechanism of re-crystallisation can
be predicted and future candidate compounds can be qualified.
The concept of combinatorial material synthesis can be applied to a number of applica-
tions like for example opto-electronics and random access phase-change memory. However,
then a method is needed to rapidly screen the properties of the compounds created.
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A.1 Phase Diagram GeSbTe
Abbildung A.1: The melting temperature for the GeSbTe system represented in a ternary dia-
gram (Bordas et al., 1986).
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